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FOREWORD 
The H2-02 Space Shut t le  auxi l i a r y  power u n i t  (APu) program i s a NASA- 
Lewi s e f f o r t  aimed a t  hardware demonstration o f  the technology requi red f o r  
po ten t i a l  use -n the Space Shuttle. Use o f  such a system on the Space Shutt le 
wou Id  provi de s i  gni f i cant cost and wei ght advantages over the current  base l i ne 
desi gn. 
 his program i s  being conducted under the d i rec t i on  of  Harry M. Cameron, 
Project Manager. I t  i s  a f o l  low-on e f f o r t  t a  two study programs conducted by 
NASA-Lewis under Contracts NAS 3-14407 and NAS 3-14408. The resu l t s  o f  these 
studies were reported i n  the f o l  lowing NASA Contractor Reports: NASA CR-2001 
and NASA CR-1994, 1995, 1996, 19517, 1993, and 1928. 
Thi s repor t  i s  submitted i n  two volumes. Volume I covers the work t o  date 
i n  the design o f  the AW. Volume I I contains the appendixes. l n i t i a l  a c t i v i  - 
t i e s  showsd tha t  the i n i t i a l  reference APU design could be modif ied t o  reduce 
system uncertai  n t i  es; these analyses f o r  the i n i  ti a1 reference system are  
summarized i n  Appendix A. A new reference system was defined; t h i s  design, 
along w i t h  tha t  o f  the t e s t  u n i t ,  i s  described i n  Volume I G :his report .  
Appendix B o f  Volume I I contains the steady-state system analysi  5 .  
The requi rements of  NASA Pol i cy D i  r e c t i  ve NPD 2220.b (SeVi;ember 14, 1 970) 
regarding the use of  S: u n i t s  have been waived i n  accordance w i t h  the pro- 
v is ions  o f  paragraph 5d o f  t ha t  D i rec t i ve  by the D i  rec tor  of  Lewis Research 
Center. 
D i s t r i b u t i o n  o f  t h i s  report  i s  provided i n  the in te res t  o f  information 
exchange. Respons i b  i 1 i t y  f o r  the contents resides i n  the author o r  organi za- 





l NTRODUCT ION AND SUMMARY 
SYSTEM DESCRIPTION 
Reference Sys tem Descr i p t  ion 
Test Sys tem Requirements and Descript ion 
SYSTEM ANALYSIS 
CONTROL SUBSYSTEM 
Control Subsystem Logic 
Control C i r c u i t  Des ;gn 
Sys tern Valves Spec i f  i ca t  ions 
Sys tern Valve Des i qns 
TURB INE AND GEARBOX DES IGN 
Turbine Aerodynamic Des i gn 
Turbine Mechanical Design 
Turbine Thermal Ana lys i s  
Turbins Stress Analysis 
Gear box Des i gn 
COMBUSTOR DES l GN AND DEVELOPMENT 
HEAT EXCHANGERS 
Heat Exchangers Speci f icat ions 
Heat Exchangers Des ign 
8 RESULTS AND CONCLUS IONS 
Append i x 
A INITIAL REFERENCL SYSTEM STUDY SUMMARY 








l LLUSTRAT IONS 
Reference Sys tem 2-2 
H202 APL T Assembly 2-7 
I n s t a l l a t i o n  APU-T H202 2 -9 
H -0 APU Computer Program Notat ion 2 2 3-2 
Simulator Topology 3- 3 
Time t o  Accelerat ion 1,000 rpm vs O2 E f fec t i ve  
Valve Area 3 -5 
Time t o  Accelerat ion 1,000 rpm vs E f fec t i ve  
Valve Area 
Time t o  Deceleration 1,000 rpm vs Hz Control 
Valve E f fec t i ve  Area 3-7 
Time t o  Deceleration, 1000 rpm vs O2 E f fec t i ve  
Valve Area 3-8 
Turbine Accelerat ion During Trans i en t  ( ~ i  t h  
Accumulators) 
H Flow During Transient (System Included Accumulators) 3-14 2 
Mechanization o f  02FLCA Computer Opt ion 3-15 
Rate o f  Change o f  H2 Temperature a t  Hydraul ic O i l  
Cooler I n l e t  Due t o  Preheater Bypass Valve Step 3-1 6 
Rate of Change o f  H2 Temperatu~e a t  Equalizer E x i t  
Due t o  Preheater Bypass Valve Step 3-1 7 
Rate o f  Change o f  H Temperature a t  Equal izer  Exi t 
Due t o  Recuperator 6 ypass Valve Step 3-18 
Rate o f  Change o f  H2 Temperature a t  Hydraulic O i l  
Cooler Due t o  Recuperator Bypass 'Jalve Step 3-19 
Performance During Load Transient 3-21 
Turbine Speed During I d l e  t o  F u l l  Power Transient 3-22 
Area (CA) o f  H p  and O2 Flow Control Valves During l d l e  
t o  F u l l  Power Transient 3-23 
l LLUSTRAT l ONS (Con t inuedj 
F iqures 
3-1 7 Oxygen Accumulator Pressure During l d l e  to F u l l  
Power Trans ien t 
l n te r tu rb ine  Temperature During l d l e  to F u l l  Power 
Transient 
l n te r tu rb ine  Thermocouple Temperature Ind ica t ion  
During l d l e  t o  F u l l  Power Transient 
Compar ison o f  Recuperator Performance Predict  ions 
fo r  S tar t  Transient 
Combus to r  Pressure and Temperature 
H2-O2 Space Shut t le  APU Primary Controls 
Typical Response t o  5 Percent Step Change i n  
Hydrogen Flow Control Valve Area 
Speed Control Transfer Funct ions 
Open-Loop Gain Character ist ics o f  Speed Control 
Oxygen and Hydrogen Flow Control Valve Area Relat ion- 
ships f o r  Speed Control w i t h  Ideal Temperature Control 
H -0 APU Startup and Shutdown Control Logic 2 2 4 -6 
Speed Picr..up Probe, Gearbox, Space s n u t t l e  Turbine 4-7 
H2-O2 APU Turbine I n l e t  Thermocouple 
Pressure Switches Used on the H2-O2 APU-T 
P/N 581 170-1 -1 
Turbine l n l e t  Control and Overtemperature Thermocouple 
Ampl i f iers  4-1 1 
Frequency- to-dc Converters 4-1 3 
Hydrogen Va lve  Control Loop 4-16 I 
4-17 
1 C i , c u i t  Mechanization o f  Control Loop 
H2 Bypass Valve 4-30 ! 1 
i 
l LLUSTRAT IONS (con t inued) 
Oxygen Pressure Regulator 
Hydrogen Flow Control Valve 
Oxygen Flow Control Valve 
NASA H -0 APU Turbine Meridional Plane Aerodynamic 
Des i gn 2 2 
NASA H2-O2 APU Turbine Veloc i ty  Triangles Sea Level 
Ful l Power Des ign Point 
NASA H2-O2 APU Turbine First-Stage Nozzle Design 
Stage Pressure Ratios a t  Variods Overal l  Pressure 
Ratios 
NASA H2-O2 APU Turbine Rotor Blade Section 
NASA H -0 Turbine Second-Stage Nozzle Des ign 2 2 
NASA H -02 APU Turbine Circumferential Alignment 
~ i r s t - $ t a g e  Streaml ine i n  Fixed Coordinates 
Admiss ion Arcs f o r  F i r s t  and Second Stages 
NASA H -02 APU Turbine Second-Stage Nozzle Surface 
~ e l o c i g i e s  
NASA H -02 4PU Turbine Design Point Pr in tou t  f ran  
T-MAP ?rogram 
Ef f ic iency vs u/Co a t  D i f f e ren t  Pressure Ratios 
E f f  i t iency vs Pressure Rat io  
E f f i c iency  vs Developed Power 
Turbine Supportin? Structure 
Turbine Rotat ing Assembly 
Cur t i c  Coup1 ings 
Bearing Carr ier  
Power Uni t  and Gearbox Cross-Section Used i n  Thermal 
Atla lys is 
v i i i  
I LLUSTRAT IOhS (Cont i nued) 
F i qure 
5-18 Power Un i t  Space Shu t t l e  APU Layout o f  S i m p l i f i e d  
Test Tur5ine 
Space Shu t t l e  APU Turbine Assembly Thermal Model 
(Nodal Network) 
Space Shu t t l e  APU Turbine Asseably Temperature 
D i s t r i b u t i o n  fo r  Case 1 
Space Shu t t l e  APU Turbine Assembly Terraerature 
D i s t r i b u t i o n  f o r  Case 2 
Space Shu t t l e  APU Turbine Assembly Temperature 
D i s t r i b u t i o n  f o r  Case 3 
Space Shu t t l e  APU Turbice Assembly Temperature 
D i s t r i b u t i o n  f o r  Case 8 
Space Shu t t l e  AFU Turbine Assembly Temperature 
D i s t r i b u t i o n  f o r  Case 5 a t  Startup, t = 40 sec 
F i r s t -  and Second-Stage Disk Temperature D i s t r i b u t i o n s  
During Star tup Trans i en t  t o  Steady-Stage Operat ions 
(Cases 5 and 2) 
5 -26 Space Shu t t l e  APU Turbine Assembly Temperature 
D i s t r i b u t i o n  f o r  Case6 o f  Startup, t = 4 0 s e c  
5-27 F i r s t -  and Second-Stage Disk Temperature D i s t r i b u t i o n s  
During S ta r tup  Trans ient  t o  Steady-State Operations 
(Cases 6 and 1). 
5-28 Space Shu t t l e  APU Turbine Assembly Temperature 
D i s t r i b u t i o n  f o r  Case 7 a t  Startup, t = 40 sec 
5 -29 F i r s t -  and Second-Stage Disk Temperature D i s t r i bu t i ons  
During S ta r tup  Transient t o  Steady-State Operations 
(Cases 7 and 8).  
5-30 Space Shu t t l e  APU Turbine Assembly Temperature 
D i s t r i b u t i o n  f o r  Case 4 a t  Shutdown, t = 8C sec 
5-31 Temperature His tor  ies  o f  Selected Components During 
Soakback from A!  t i tude  I d l e  (Cases 3 and 4) 
5-32 F i rs t -S tage  Turbine Wheel Disk Stress us Radius 
l LLUSTRAT l ONS (Con t inued) 
First-Stage Turbine Wheel Disk Stress vs Radius 
First-Stage Turbine Wheel Disk Stress vs Radius 
First-Stage Turbine Wheel Disk Stress vs Radius 
First-Stage Turbine Wheel Temperature vs Radius 
Second-Stage Turbine Wheel Disk Stress vs Radius 
Second-Stage Turbine Wheel Disk Stress vs R a d i ~ s  
Second-Stage Turbine Wheel Temperature vs Radius 
Turbine Wheel R i m  Transient Compressive E l a s t i c  
Stresses 
First-Stage Turbirie Wheel Transient Wheel T ip  
Radial Growth 
Stress Level versus Larson-Mi 1 l e r  Parameter f o r  
0.2 Percent Creep St ra in  
Stress Level versus Larson-Mil ler Parameter f o r  
0.5 Percent Creep St ra in  
First-Stage Turbine Wheel Duty Cylce a t  Turbine 
Bo l t  Hole (Kt = 2.1) a t  1215O~ 
Stress versus Time f o r  0.2 Percent and 0.5 Percent 
Creep St ra in  a t  1 2 1 5 ~ ~  
First-Stage Turbine Wheel Operational L i f e  vs Turbine 
Speed a t  Turbine Bo l t  Hole 
Res i l i en t  Mount Bearing St i f fness  vs Running Speed 
First-Stage Wheel Radial Def lect ion vs Rotor Speed 
(Wheel iiiils!ance = 0.02 gm-in.) 
Relaxation Stress vs Time fo r  V-57 a t  llOOOF 
St ruc tura l  Item D e f i n i t i o n  
Shut t le  Seals Torus (First-Stage Seal ( i tem 3, 








l LLUSTRAT l ONS (Con t inued) 
Cross Section, Power Uni t ,  and Gearbox 
Zero Gravity Lubr icat ion 
APU-T Gearbox Gear Tra in  
APU-T Gearbox Lubr icat ion 
Hydrogen-Oxvgen Combus to r  (Prototype Test Un i t )  
Sectional Liew o f  the APU-T Hydrogen-Oxygen 
Combus to r  
Summary o f  Test Paints 
Character is t ic  Ve loc i ty  
Combustion Ef f i c iency  as a Function o f  Oxidizer/Fuel 6-8 
Combustion Ef f i c iency  as a Function o f  Pressure 6-9 
Hydrcgen Pressure Drop, SSAPU Lubr icat ing and 
Hydraul i c  O i  1 Cooler 7 -3 
O i l  Pressure Drop, SSAPU Lubr icat ing and Hydraul ic 
O i  1 Cooler 7 -4 
Hydrogen Heat Transfer Conductance, SSAPU Lu br i cat  ing 
and Hydraul ic O i l  Cooler 7-5 I 
0 i 1 Heat Tram Fer Conductance, SSAPU Lubr i cat i ng 
and Hydraul i c  O i  1 Cooler 7-6 
Pressure Drop o f  SSAPU Prehater/Regenerator 7-10 i 
Heat Transfer Conductance o f  SSAPU Preheater/ 
Reaenerator 7-1 1 
Isothermal Pressure Drop, SSAPU Temperature Equal izer  7-15 I i 
i 
7-16 Heat Transfer Conductance, APU Temperature Equalizer 
Exhaust Products Pressure Drop o f  Recuperator ?-I9 






l LLUSTRAT l ONS (Con t inued) 
Exhaust Products Heat Transfer Conductance o f  
Recupera to r  7-21 
Hydrogen Heat Transfer Conductance o f  Recupc . - 7-22 
Lube O i l  and Hydraul ic F l u i d  Coolers Nodal ; - ~ ~ d e l  7-29 
Recuperator Nodal Model 7-37 
Recuperator S ta r t  Trans ien t  7-40 
Regenerator Nodal Model - S ix-Pass, Cross-Para1 l e l  
F 1 ow 7-46 
Preheater Nodal Model, Six-Pass, Cross-Counterflow 7 -46 
Preheater Stress Model 7-5 1 
m d i  t i o n  14: Pressure Stresses Plus Thermal Stresses 7-52 
Condition 14: Pressure Stresses Plus Thermal Stresses 7-53 
Temperature D is t r i bu t i on  Used i n  the Stress Analysis 
o f  the Hydrogen/Oxygen Temperature Equalizer (NASA 
APU, Space Shut t le)  7-60 
TABLES 
Summary o f  Sys tem Speci f icat ions 
Independent Variables and Dependent Relationships 
HZFLCA Opt ion: lndependen t Variables and Dependent 
Relationships 
System Conf i gwa t ions  fo r  Transient Analysis 
Design Point Conditions 
Turbine Design Parameters 
Labyrinth Seal Leakdge, Disk Pumping, and Cooling 
O i l  Flow 






(TABLES) Cont i nued 
Per t inen t  Design C r i t e r i a  
Load Condit ions 
Space Shu t t l e  APU F i r s t  Stage Turbine Wheel B o l t  
Hole Fatigue Analysis 
Space Shu t t l e  APU F i r s t  Stage Turbine Wheel R i m  
Fat i gue Ana 1 ys i s 
Stress and Safety Margin Summary 
Combus ;or Des i gn Summary 
Lube/Hydraul i c Cooler Heat Transfer  Des ign Po in t  
Lube/Hydraul i c Cooler S t ruc tu ra l  Requ i renients 
Preheater/Regenerator Heat Transfer Desicjn : - , n t  
Preheater/Regenerator S t ruc tu ra l  Requ irements 
Temperature Equal izer Heat Transfer Design Point  
Temperature Equal i ze r  S t  ~ c t u r a l  Des ign Poir-t 
Recuperatcr Design Po in t  
Lube O i  l Cooler Metal Node Steady-State Solut  i 111 
Hydraul ic  F l u i d  Cooler Metal Node Steady-State 
Solut  icn 
Summary o f  Lube/Hydraulic O i l  Cooler Stresses 
Recuperator Steady-State Thermal Analyzer Solut ions 
Metal Temperatures f o r  Recuperato~ S t a r t  Trans ient  
Summary o f  Stresses 
Regenerator Metal Node Steady-State So lu t ion  
Preheater Metal Node Steady-State So lu t ion  








(T14BLES) Cont i nued 
Par;e 
Calculated Stress Conditions 7 -49 
Operating Conditions 7-50 
Maximum Proof Press~7.2  Stresses and Margin o f  Sa fe ty  7-57 
She1 l Maximum Thermal Streoses and L i f e  7-58 
Fin  Maximur Stresses and L i f e  7-58 
SECTION 1 
INTRODUCTION AND SUMMARY 
SECT1 ON 1 
l NTRODUCTI ON AND SUMMARY 
Two study programs performed under Contracts NAS 3-1407 and NAS 3-14408 
f o r  the NASA-Lewis Research Center showed a hydrogen-oxygen a u x i l i a r y  power 
u n i t  (AW)  system t o  be an a t t r a c t i v e  a l t e rna te  t o  the Space Shut t le  bas5l ine 
hydrazine APU system f o r  minimum weight. I n  add i t i on  t o  p rov id ing  a low 
b speci f i c  propel lant  consumption r e l a t i v e  t o  hydrazi ne, an APU system using 
cryogeni c hydrogen has the capabi 1 i t y  f o r  meeti ng many o f  the heat s i  nk requi re- 
ments for  the Space Shut t le  vehic le,  thereby g rea t l y  reducing the amount o f  
water or  other expendable evaporant tha t  must be provided w i t h  the basel ine APU 
f o r  cool i  ng. E f fec t i ve  u t i  l i z s t i o n  o f  t h i s  cool ing capacity requi res ca re fb l  
a t t e n t i o n  t o  design o f  the thermal management and cont ro l  provi  sions. D i  g i  t a l  
computer model i ng techni ques have b?en developed and appl i ed t o  handle both 
problems simultaneously. 
This repor t  covers pre l iminary design and analys is  o f  the current  
reference system and detai  1 design o f  the t e s t  vers ion (AW-T) o f  t h i s  re fe r -  
ence system. A summary of  the t e s t  system combustor t e s t  resu l t s  i s  a lso 
i ncluded. 
The reference system i s  intended t o  be a pre l imi  nary design o f  a f l i g h t  
prototype APU. The t e s t  system i s  a close-coupled experimental t e s t  version 
o f  the reference system. The APU-T i ncorporates a1 1 s i  gni f i cant reference 
system design features as we l l  as add i t iona l  opt ions t o  be invest igated and 
i ncludes i nstrument  tio on t o  a1 low inves t i ga t i on  and development o f  the tech- 
nology required t o  develop a f l i g h t - q u a l i  f i e d  AW design. I t  contains 
" f  l ight - type" components, which have appropriate dynamic charac ter is t i cs  and 
have received s u f f i c i e n t  evaluat ion t o  provide reasonable assurance o f  bei ng 
qual i  f i ed  f o r  f l i g h t  app l i ca t i on  w i t h  so~.:e modi Ficat ion. 
Early studies performed under NAS 3-14408 y ie lded 3 system desi gn tha t  
i ncorporated a recycle loop dr iven by a j e t  pump t o  maximize the amo Int  o f  
avai l ab le  cooling. The work under the current  program s tar ted  w i  t h  approxi - 
mately tha t  design. A steady-state d i g i t a l  computer program was formulated 
and a large mat r ix  o f  f l i g h t  condit ions, power se t t ings ,  and design var iables 
such as turb ine temperature, hydraul ic  cool ing load, and system s i  z i  ng was 
examined. Althougli these design studies showed the operat ion o f  the system t o  
be feasible, there were performance p red i c t i on  uncer ta in t ies  associated w i  t h  
the j e t  purrp operat i  on over a wide range o f  condi ti ons. A new reference system 
was then studied i n  which the j e t  pump was replaced by a new heat exchanger 
;a1 led the regenerator, whi ch a l so  maximi zed the amount o f  avai l ab le  cool i ng. 
The feasi b i  1 i t y  studies o f  t h i  s new reference system were based upon a modi f i - 
ca t ion  o f  the steady-state d i g i t a l  computer system analys is  program. Again, a 
large mat r ix  o f  operat ing and design condit ions was evaluated. These steady- 
s ta te  system design study resu l t s  were used t o  de f ine  component design 
speci f  i cat ions. 
The steady-state system computer program then was mod;fied f o r  t r ans ien t  
analysi  s .  Transients such as s t a b - t i  ng, load app l i ca t i ons  and removals, e t c .  
were evaluated t o  de f ine  the con t ro l  requirements and f u r t he r  r e f i n e  the system 
design. A mathematical model o f  the c o n t r o l  requirements was converted i n t o  a 
breadboard c i  r cu i  t design through f u r t he r  analys i  s and labora to ry  work. 
The p re l im ina ry  design o f  the reference system served as a bas is  f o r  the 
deta i  1 design o f  the t e s t  system. The t e s t  system assembly was packaged wi th  
emphasis on a c c e s s i b i l i t y .  Special features were added t o  the con t ro l  f o r  
t u rb i ne  c a l i b r a t i o n  and system development. I n  add i t i on ,  some cos t  saving 
mod i f i ca t ions  were made where they would no t  a f f e c t  the techn ica l  ob jec t i ves .  
The r e s u l t s  o f  the Tasl. I i n i  t i a l  reference system ( j e t  pump) analys i  s and 
p re l im inary  design are documented i n  Appendix A, as t hs  i n i  t i a l  design i s  now 
o f  secondary i n t e r e s t .  A t a b u l a t i o n  o f  steady-state computer r e s u l t s  a p p l i -  
cab le  t o  the cur ren t  system i s  inc luded i n  Appenaix B. 





Reference System Descr ipt ion 
The reference system, shown i n f i g .  2-1 , cons i s ts  of  a propel ]ant feed 
and condi ti oni ng subsystem, turbopower subsystem, and cont ro l  system. The 
propel lant  feed and condi t ion ing system begins a t  the o u t l e t  o f  the high- 
pressure propel l a n t  tanks and contai ns a1 1 heat exchangers, valves, anci the 
6 combustor. The turbopower subsystem contains a two-stage par t ia l -admiss ion 
pressure-modulated 400-hp turb ine,  a 0- t o  4-9 lubi-i ca t ion  system, acd a 
zero-g gearbox w i t h  m u l t i p l e  output pads t o  accommodate two hydrau l ic  pumps 
and an a l te rna tor .  
The cold hydrogen i s f i r s t  heated i n a hydrogen preheater by hydrogen 
from the recuperator. Secondly, i t  flows through a regenerator where i t  
receives heat from the reentrant hydrogen flow tha t  has been the s ink f o r  
hydraul ic  pump case d ra in  waste heat Out of  the regenerator both hydrogen 6 
streams are now between 400' and 460 R, con t ro l  led  by the preheater bypass 
loop. One stream flows through the hydrau l ic  cooler ;  the o ther  through the 
lube cooler and the recuperator. The l a s t  pass i s through the hydrogen-oxygen 
temperature equal izer where the oxygen i s  condit ioned t o  be c lose t o  the 
hydrogen temperature. Except f o r  the f low bypass, one around the recuperator, 
the other  around the preheater t ha t  ac ts  as f low d i v ide r ,  the hydrogen 
describes a s i  ngle path through the propel l a n t  condi t i o n i  ng system. 
The preheater bypass loop f low i s  con t ro l l ed  t o  maintain the lube o : l  
temperature below the maximum permi ssi  b l e  operat i  ng temperature* but  aboae the  
congeal i ng temperature, and pre ferab ly  i n the range between 650 and 700 R. 
As shown on the t q p e r a t u r e  schedule ( inse t  i n  f i g .  2 - I ) ,  when the lube o i l  
temperature i s  650 R the hydrogen temperature ou t  of  the f i r s t  preheatgr pass 
w i  11 be cont ro l  led by an appropriate preheater bypass f low r a t e  t o  460 R. As 
the lube o i  1 temperature i ncreases (usual 18 a t  low parer output) ,  the hydrogen 
temperature w i  11 be cont ro l  led down t o  400 R (but not lower, t o  avoid loca l  
c ~ p - ~ e a l  i ng). 
The preheater bypass loop f low increases w i t h  higher hydraul ic  and lube 
cooler heat loads. I n  those cases, most of  the preheating w i l l  occur i n  the 
regenerator. The bypass flow a1 so w i  11 i ncrease w i  t h  i ncreasi ng hydrogen 
f l u i d  temperatures. This i s the case w i t h  a thermal ly  pressurized supercri t i  - 
cal  tank supply. 
The reference system on ly  provides case d ra in  hydraul ic  f l u i d  cool ing. 
I' Adc'  l i ona l  cool ing o f  the hydraul ic  f l u i d  can be accomnodated by rou t ing  the 
bydrogen f low through a f u l l - f  low hydraul ic  f l u i d  cooler  and by regenerative 
.tti li zat ion of  the re jected heat i n  the tank thermal p ressur iza t ion  system. 
This leads t o  a na tu ra l l y  s table tank pressur iza t ion  system s ince the f l u i d  
w i  thdrawal rates are always d i  rec t  l y  propor t ional  t o  the hydraul i c waste heat. 
The recuperator bypass loop flow i s  cont ro l led  by the hydrogen tempgra- 
t u re  downstream o f  the temperature equal i zer, attempting t o  mai n t a i  n 750 R 
combustor i n l e t .  A t  h igh power leve ls ,  the engine operates nare e f f i c i e n t l y  

and i n s u f f i c i e n t  heat i s  ava i lab le  i n  the recuperator t o  a t t a i n  t h i s  
ternperahure even a t  zero bypass. Computer simulat ion shows, however, tha t  
w i t h  55 R hydroqes i n l e t  and f u l l  power combustor, i n l e t  temperature w i  11 be 
no lower than 6b3 R. 
Each bypass loop i s  cont ro l led  by two b u t t e r f l y  valves, one i n  ser ies, 
the other  i n  p a r a l l e l  w i t h  the  heat exchanger throughflow. The two valves i n  
each loop are l inked e l e c t r o n i c a l l y  so they act  l i k e  a three-way valve. The 
two valve sets are a lso e l e c t r o n i c a l l y  coupled i n  the cont ro l  t o  prevent unde- 
si rable in te rac t ion .  I t  may be advantageous l a t e r  a c t u a l l y  t o  replace two 
b u t t e r f l i e s  w i t h  a s ing le  three-way t o  achieve system simpl i  f i c a t i o n ;  however, 
the systev operat ion may be more fo rg i v ing  o f  s ing le  valve f a i l u r e s  w i t h  the 
present desl gn. 
Two redundant pressure r e ~ u l a t o r s  are employed i n the oxygen c i  rcu i  t , 
s i  nce a s ing le  one s t i c k i  ng open would r e s u l t  i n an overtemperature. They are 
both located downstream o f  the temperature equal izer  i n  order  t o  rnaintai n 
supercri t i  cal pressure and avoid two-phase f low i n  the equal i zer .  
An accumulator i s located downstream o f  the regulators i n order t o  pro- 
v ide more equal s t i f f n e s s  i n the hydrogen and oxygen cont ro l  system, compen- 
sa t i  ng f o r  a scinewhat slow pressure regulator  response (1 00 msec) . The accu- 
mulator has a dump valve tha t  opens on shutdown s ignal  t o  vent the oxygen. 
Thi s i s  an emergency prov is ion  i n the event o f  an e l e c t r i c a l  f a i  l u r e  i n  which 
the  oxygen cont ro l  va lve f a i  1s i n  i t s  near ly  closed p o s i t i o n  and the hydrogen 
valve fa i  1s open. Without oxygen dump, w i t h  both shuto f f  valves closed, a 
h ~ g h  O/F would r e s u l t  a t  the end o f  the hydrogen run-out. I n  a l a t e r  rnodi f i  - 
cat ion,  both the accumulator and the dump valve may be designed out  of  the 
system i f  fas t  e lec t ron ic  regulators are subst i tu ted f o r  the now speci f ied 
mechan i ca 1 one. 
A check valve i s  located downstream o f  the oxygen accumulator t o  prevent 
hydrogen backflow i n t o  the accumulator dur ing s ta r t i ng ,  as hydrogen lead i s  
used i n  s t a r t i n g  t o  prevent overtemperature. The hydrogen and oxygen cont ro l  
valves are e l e c t r i c a l l y  l inked i n  the contro l .  A . 1  e x c i t e r  i s used t o  energize 
theocombustor spark p lug  dur ing s t a r t  and whenever the tu rb ine  temperature i s  
100 R below the set poi n t ,  and the system i s turned on. The combustor 
de l i ve rs  hydrogen-rich combustion products t o  the turbopower subsystem. 
The tu rb i  ne i s a two-stage supersoni c axi  a1 - f l o w  desi gn. Theodesi gn 
speed i s  63,000 rpm w i t h  a tu rb ine  i n l e t  temperature (TIT) of  1960 R using 
V - 5 7  a l l o y  turb ine wheels. The tu rb ine  i s  so designed tha t  i t  can be r e t r o -  
f i t t e d  w i t h  U-700 wheels and operated a t  70,000 rpm and 2060 R TIT. The case 
d ra in  o i  1 from the hydraul ic  pumps mounted on the tu rb ine  gearbox i s  cooled by 
hydrogen i n the hydraul ic  o i  1 cooler ;  the tu rb ine  gearbox o i  1 i s cooled by 
hydrogen i n  the lube o i  1 cooler. 
The e lec t ron i c  cont ro l  funct ions can be d iv ided i n t o  primary and second- 
ary. The primary cont ro l  funct ions are t o  hold the TIT, rprn, and equal izer  
o u t l e t  temperature constant by modulation o f  the hydrogen bypass 2nd cont ro l  
valves. The secondary cont ro l  functions are start-and-stop sequences, over- 
speed (rpm) and temperature (TIT) l i m i t s ,  fa i l -sa fe  prov is ions,  and automatic 
shutdown provi sions i nc ludi  ng lube pressure and temperaturl , hydrooen 
underpressure, t u rb i  ne overspeed, and cont ro l  i nternal  moni t o r i  ng. The 
descri p t i o n  o f  the compoilents design and thei  r func t ion  i s t reated i n detai 1 
i n  the per t inent  sect ion o f  t h i s  volume o f  the report.  The system s p x i  f i ca -  
t ions  are sumnari zed i n Table 2-1. 
TABLE 2-1 




Turb i ne speed : 
Turbi ne i n l e t  temperature: 
Hydrogen i n l e t  temperature t o  APU: 
Hydrogen i n l e t  pressure: 
Oxygen i n l e t  temperature t o  AW: 
Oxygen i n l e t  pressure : 
Design l i f e :  
Cooling capab i l i t y  a t  400 hp (heat s ink 
f o r  hydraul i c system) : 
Potenti a1 cool i ng w i  t h  in tegrated tank 
pressur izat ion a t  400 I P: 
Estimated dry  weight: 
400 hp gearbox shaft  output 
0 hp gearbox shaft output 
2 pump pads a t  5,000 rpn, 
1 generator pad a t  12,000 rpm 
63,000 rpm 21 percent steady s ta te  
+5 percent t ransi ent 
1 960"~  
55' t o  560'~ 
575 psi a 
275' t o  560'~ 
900 psia 
1,000 h r  hot operat ion (900 cycles) 
and 2,000 h r  on i n e r t  gas checkout 
(600 cycles) 
5,000 Btu/mi n 
15,000 Btu min 
280 l b  
Tes t Sys tem Des cr  i p t i on 
The a u x i l i a r y  power tes t  u n i t  (AW-T) i s  schematicall the same as shown 
i n  f i g .  2-1 and i s  a close-coupled experimental t e s t  versio,, o f  the reference 
system. To a l low the i nvest igat ion and demonstration of  the t'chnology 
requi red fo r  a f l i gh t - t ype  APU, special  i e s i g n  features and contr.31 opt ions 
have been added. 
Provisions i n  the c o n t r o l l e r  permit var ia t ions  i n  the rpm, TIT, and ?om- 
bustor pressure t o  permit i n i t i a l  APU operat ion t o  be conducted a t  moderate 
speeds and temperatures. The c a p a b i l i t y  t o  impro~e~sys tem g f f i c i e n c y  by 
increasing the combustor i n l e t  temperature from 750 t o  900 R has a lso  been 
provided. 
The APU-T system has been protected through automatic shutdown i n  the 
event o f  exceedance of  cont ro l  values o r  component fai  lures tha t  are not 
necessari l y  c r i  t i c a l  o r  do not g ive cause f o r  shutdown o f  the f l i g h t  system. 
The APU-T u t i  1 i zes a l l  "f li ght-type":'; components except as li sted below: 
(1 )  The tu rb ine  bearing seal has been changed from a face seal t o  a 
l aby r in th  seal w i t h  ex te rna l l y  supplied n i  trogen bu f fe r  gas i n  order 
t o  avoid seal development. 
(2)  An external  !:the o i  1 pump suppl i es the tu rb i  ne and gearbox 
(3 )  Heat soakback problem a t  shutdown was solved i n  the reference t u r -  
b ine design but was not car r ied  through i n t o  the -T tu rb ine  since 
lubr icant  f l o s  from an external  source can be nai atained a f t e r  shut- 
down. 
(4) The gearbox has not been designed f o r  zero-g f l i g h t  capabi li t y  and 
has two pump pads bu t  no a l t e rna to r  pad. 
(5) The recuperator had t o  be desi gne< :;; y, u ~ r . 4  t e s t  i n whi ch i nternal  
pressure i s  reduced t o  vacuum 2nd the external  one i s  a t  the ambient 
pressure o f  the tes t  environeent. 
The APU-T shown i n f i g .  2-2 was packaged f o r  ease o f  component and 
instrumentat ion accessibi l i t y  and i n s t a l l a t i o n ,  without s t r i c t  regard t o  
weight and volume. The c o n t r o l l e r  i s  not included i n  the package because i t 
I s located i n the cont ro l  room and i s connected t o  the APU-T by an umbi l i ca l  
cable. 
- 
-:::IF1 i ght-typett components are simi l a r  i n s i  ze, weight, and dynami c character- 
i s t i c s  and have received s u f f i c i e n t  evaluat ion t o  provide reasonable assur- 
ance that  they are  capable o f  being qua l i f 7ed  f o r  the required f l i g h t  app l i -  
ca t ion  w i t h  on l y  minor modi f :cat ions. 
The APU-T assembly i s bui I t  by brazing the f o l  lowing two major 
subassemblies i n t o  a s ing le  u n i t :  
(1 ) Turbi ne-gearbox-pump assembly, which a lso w i  1 l contai n the combustor 
and oxygen f low cont ro l  valves, the oxygen check valve and accumula- 
t o r ,  and the oxygen regulators. A l l  these components w i  I 1  be 
mounted on the gearbox support structure. 
(2 )  TI-a heat exchanger assembly, which w i  11  inc lude a l l  heat exchangers 
and bypass valves. This assembly includes a separate support s t ruc-  
ture. 
The above tw subassemblies then w i l l  be combined i n t o  the complete APU-T 
by brazing three inter face j o i n t s :  the oxygen l i ne ,  the hydrogen 1 ine, and 
the tu rb ine  exhaust duct. The e n t i r e  assembly w i  11 be mounted on a base 
s t ruc ture  tha t  w i  11 serve both as a t e s t  stand and a s t ruc ture  t o  support the 
assembly during t r a n s i t  and hand1 i ng by f o r k l i  ft. 
A1 1 j o i  n t s  i n  the hydrogen and oxygen c i  rcu i  t s  i n  tho e n t i  r e  APU-T are 
welded o r  brazed. Some mechanically sealed j o i n t s  e x i s t  i n  the turbine, 
valves, and cer ta i  n i nstrumentation connections. I'wo hydroformed be1 lows are 
used i n  the duct between the tu rb ine  discharge and the recuperator t o  a l low 
for  thermal expansion. A1 1 other p ip ing  mpansions are compensated by loops 
and bends i n  the p i  ping. Each heat exchanger i s  mounted by a s ing le  f i xed 
point ,  w i t h  other support points f l e x i b l e  t o  a l low f o r  expansion. A l l  compo- 
nents are mounted f o r  a one-g, one-di rec t i on  envi rorment. 
The APU-T components and p ip ing  are so located tha t  there i s  adequate 
access f o r  instrumentat ion and app l ica t ion  o f  a 1 -in. layer  of i nsu la t i on  
materi a1 (~ohns-Manvi 1 l e  CRF-800 f e l t e d  re f rac tory  insulat ion)  tha t  w i  l l be 
applied a f t e r  pre l iminary checkout test ing.  
The locat ion  o f  the instrumentat ion i s  shown i n  f i g .  2-3. 
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SECT ION 3 
SYSTEM ANALYSIS 
SECTION 3 
SYSTEM ANkLYS I S  
Tile system ana lys is  was based on the referenc system. ut i l  i z i n g  the 
component dynamic c h a r a c t e r i s t i c s ,  which were a l s o  \/a1 i d  f o r  the t e s -  systerls. 
The system was analyzed us ing  a  d i g i t a l  computer s i c u l a t o r .  T'le , ~ . - ~ ~ ~ u t e r  
s imu la to r  i s  used i n  bo th  s teady-s ta te  and t r ans ien t  ana lys is  t o  s i z e  ar 
eva luate the pe r f o rmnce  o f  the var ious co~nponents f o r  the complete syst.-m 
opera t ing  range. The s i z i n g  o f  the components requ i I-es tha t  the 1or.l ices r 
e f f e c t s  o f  the components be used, i nc l ud ing  major second-order cmpoqent 
e f f e c t s  w i t h i n  the system. 
The resu l  t i n g  d i g i t a l  r n~de l  must have s u f f i c i e n t  t r a n s i e n t  accuracy t o  
permi t  i d e n t i f i c a t i o n  o f  the system t r a n s f e r  funct ions.  These t r a n s f t r  
funct ions a re  necessary t o  design the APU con t ro l .  The r e s u l t i n g  c o n t r o l  
design, schemat ica l ly  shown i n  Fig. 3-1, i s  mechanized i n  the s imu la to r  t o  
v e r i f y  s t a b i  l i t y  and p r e d i c t  t r a n s i e n t  performanze o f  the con t ro l  i n t e r a c t i n g  
w i t h  the nonl inear  system. 
Computer Program Desc r i p t i on  
The s imu la to r  i s  const ructed us ing  a  main subrout ine (MAINSR) t h a t  reads 
the con t ro l  data cards. The data cards a re  o f  two types: (1)  data t o  be uc,ed 
dur ing a  so l u t i on ,  and (2) s o l u t i o n  types (by-pass, no-bypass, design po i r r t ,  
o f f -des ign). The mode f o r  data ( t o  be used dur ing  a  so l u t i on )  i s  used t o  
de f ine  boundary cond i t i ons  o r  t c  sca le  p a r t i c u l a r  components w i t h i n  the system. 
So lu t ion - type  data a re  used t o  s e l e c t  the  dependent r e l a t i o n s h i p s  t o  be 
s a t i s f i e d  and the independent parameters t o  be manipulated t o  s a t i s f y  the 
dependent cond i t ions. 
The s teady-s ta te  so l u t i ons  ( f i g .  3-2) a r e  ob ta ined  by us ing  the boundary 
s p e c i f i e d  by var ious data cards and the requi  red co rd i  t i o n s  f o r  the p a r t i c u l a r  
s o l u t i o n  desired. The main subrout ine (MAINSR) then dimensions the  m a t r i x  
requ i red  f o r  the s o l u t i o n  as w e l l  as e s t a b l i s h i n g  the p a r t i c u l a r  independent 
va r iab les  (XEQ) and dependent r e l a t i o n s  (CLXEQ) t o  be used du r i ng  the so lu t ion .  
The next s tep i s  t o  c a l l  a  subrout ine t h a t  solves a  s e t  o f  a l geb ra i c  equat ions 
us ing a  mod i f ied  Newtonian technique (NEWTON). Th is  i n  t u r n  c a l l s  an ex te rna l  
subrout ine (SSAPUT) , which i s  s p e c i f i e d  i n  i t s  argument 1 i s t  t o  determine the 
a l geb ra i c  r e l a t i onsh ips  between the var ious independent and dependent var iab les.  
The dependent r e l a t i o n s  a re  w r i " t e n  i n  a  form t h a t  a l lows  NEWTON t o  d r i v e  the 
dependent vec to r  t o  the o r i g i n .  
When the s o l u t i o n  has been obtained, c o n t r o l  i s  re turned t o  MPIINSR, which 
i n  t u r n  ca l  I s  FINAL t o  p r i n t  the so lu t ion .  F i n a l l y ,  MAINSR reads another ca rd  
f o r  i n s t r u c t i o n s  p e r t a i n i n g  t o  the nex t  case t o  be run. 
The two pr imary uses f o r  steady-stage s o l u t i o n s  a re  (1) i n i t i a l  desiqn 



































































































































solut ion.  Design match (DMATCH) i s  the f i r s t  steady-state so lu t i on  usual l y 
sought i n  the simulator program. I t  al lows f o r  a so lu t i on  where some o f  the 
var iables are the geometric charac ter is t i cs  o f  the engine. This p a r t i c u l a r  
opt ion i s  reprogramed f o r  various solut ions as the design proceeds, and 
f i n a l l y  i s  e l iminated a l together  as the APU design becomes f ina l i zed.  Tha 
fo l low ing paragraphs describe the use o f  the program t o  determine desirable 
component and system character i s  t i cs and design points.  
Flow Control Valve S iz ing  
This op t ion  was programed to  s ize  the hydrogen flow contro l  valve 
(H~FLCA) and campared the turb ine accelerat ion t o  a reference acceleration. 
The cont ro l led  closure er rors  were the turb ine i n l e t  temperature, turb ine 
accelerat ion, combustor i n l e t  temperature, and the hydrogen temperature a t  
the i n l e t  63,000 rpm, sea level.  Solut ions were obtained a t  l C O O  rpm/sec 
i n te rva l s  (1 000 rpm/sec, 2000 rpm/sec, 3000 rpm/sec, etc.  ) unt  i l the f low 
contro l  valves no longer had con t ro l l ab le  pressgre drop. This set  o f  runs 
was p l o t t e d  versus time f o r  the turb ine t o  change 1000 rpm against the resu l t -  
ing  hydrogen f low cont ro l  valve area and oxygen f low contro l  valve area. 
The curves ( f i gs .  3-3 and 3-4) show a sharp knee as the pressure drops 
across the valve d imin ish t o  zero. This knee i s  dependent on the pressure drop 
i n  the system between the prope l lan t  supply pressure and the i n l e t  t o  the 
f i  rst-stage turb ine nozzle. The loca t  ion on the curve chosen f o r  the e l e c t r i c a l  
valve l i m i t  was an area equivalent t o  10,000 rpm/sec, w i t h  a 350-hp load. 
This accelerat ion cannot be obtained a t  60,000 rpm because of  the constant 
horsepower cha rac te r i s t i c  o f  the load, which resu l t s  i n  a higher torque require- 
ment a t  lower speeds. However, s u f f i c i e n t  accelerat ion c a p a b i l i t y  i n  the 
sys tem e x i s t s  t o  p rov i  de acceptable response t o  sys tern trans ients. 
With the maximu~n valve area establ  ished, the op t ion  was run a t  minimum 
horsepower ex t rac t ion  a t  minimum a l t i t u d e  t o  determine the minimum valve areas 
( f i gs .  3-5 and 3-6). The system was run a t  various decelerat ions from -1000 
rpm/sec u n t i  1 the f low contro l  valves become completely closed. The minimum 
e l e c t r i c a l  l i m i t s  on the valves were selected t o  y i e l d  a decelerat ion o f  
- 5000 rpm/sec. 
The se lec t ion  o f  a lower l i m i t  fo r  the decelerat ion as compared to  the 
accelerat ion 1 i m i t  i s  re la ted  t o  the load charac ter is t i cs  a t  each operat ing 
l i m i t .  The maximum horsepower end o f  the spectrum has a load cha rac te r i s t i c  
that i s  p r imar i l y  determined by the  hydraul ic  pump cha rac te r i s t i c .  As the 
speed increases, the pump does not need as much st roke to  mainta in the hydrau l ic  
o i  1 pressure; tharefore, the pump st roke decreases, resul  t ing i n  a decreased 
torque. The decrease i n  the required torque f o r  the pump i s  greater than the 
decrease i n  the turb ine torque due to  the increased speed, which makes the 
system open loop unstable, A t  the other  end o f  the load spectrum, the load 
i s  determined by the hydraul ic  o i l  pump losses and the gearbox losses, This 
load cha rac te r i s t i c  resu l ts  i n  an increasing load horsepower w i t h  increasing 
speed, and furtherlnore, an increasing load torque w i t h  an inzrease i n  turb ine 
speed. The turb ine cha rac te r i s t i c  i s  s i m i l a r  t o  the high-power case, bu t  
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Figure 3-6.--Tim to Deceleration, 1,000 rpm vs 
O2 Effectfve Valve Area. 
adjustment f o r  a cor rec t ive  change i s  i n  the region o f  open-loop i n s t a b i l i t y ;  
thus, the valve i -aa selected corresponds t o  10,000 rpm/sec acce l?ra t  ion 
capab i 1 i t y  f u l  l y  loaded and -500 rpm/sec minimum load. 
Bypass Opt :on 
The bypass opt ion  i s  cine o f  the two opt ions used t o  evaluate the steady- 
s ta te  performance o f  the APU. The opt ion uses four contro l  var iables f o r  a 
so lu t ion ;  the recuperator bypass t o  cont ro l  the hydrogen temperature a t  the 
i n l e t  t o  the combustor, the preheater bypass valve t o  contro l  the hydrogen 
temperature a t  the i n l e t  o f  the hydrau l ic  o i l  cooler, the hydrogen f low cont ro l  
va lv r  t o  contro l  the tu rb ine  speed, and the oxygen flow contro l  valve t o  con- 
t r o l  the turb ine i n l e t  temperature. The remaining f i f t een  o f  nineteen va r i -  
ables (1 i s ted  i n  Table 3-1) are t o  s a t i s f y  various boundary condit ions through- 
ou t  the system. 
No- Bypass Opt ion 
The no-bypass o p t i o ~ i  i s  used when energy i n  the system i s  i n s u f f i c i e n t  t o  
b r i n g  the temperature o f  hydrogen out o f  the equal i ze r  up t o  750°R. I f  a 
bypass opt ion  i s  used f o r  such a case, the dependent var iables cannot a l l  be 
sa t i s f i ed .  The recuperator bypass valve area and the flow sp l  i t  recuperator 
bypass valve are dropped from the independent vector. The con t ro l l ed  hydrogen 
temperature a t  s t a t i o n  58 ( f i g .  3-6) and the pressure balance a t  s t a t i o n  50 
between the heat exchanger f low and the bypass valve f low a r e  e l iminated from 
the dependent vector. The no-bypass op t  ion i s  needed when the APU hydrogen 
f low has moie cool ing c a p a b i l i t y  than the system has waste heat t o  b r i n g  up 
the temperature. The system approaches t h i s  condi t ion as the horsepower 
output i s  iqcreased above 250 hp. 
Transient program,--The t rans ien t  opt ions o f  the APU simulator were 
developed for  the cont ro ls  analys is  work, The opt ions were used t o  i d e n t i f y  
the cont ro l  t rans fer  funct ions o f  the APU (HZFLCA, OZFLCA, RECYCA, BYPSCA). 
The contro l  ve r i  f i c a t  ion and the dynamic performance parametr i c  studies were 
used t o  es tab l ish  the su f f i c i ency  o f  the  various cont ro l  systems and t o  study 
the e f fec ts  o f  various componenrs on the APU performance (START, TRANS). 
tf2FLCA.--This p a r t i c u l a r  opt ion was w r i t t e n  t o  i d e n t i f y  the t rans fer  furlc- 
t ions o f  the speed contro l .  The opt ion  i s  used by f i r s t  es tab l ish ing  the i n i -  
t i a l  condit ions of  the APU by running a BYPASS o r  a NO BYPASS solut ion.  This 
TABLE 3-1 
INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS 
I ndependcnt Vari ab l_c  
Oxygen f l a n  t o  combustor 
Hydrogen f la? t o  cocnbustor 
P.r.icater bypass f 'w  
Hydrogen f l w  contro l  vdlve area 
Oxygen flow control valve area 
Prehcater bypass valve area 
Hydrogen temperature a t  the recuperator ex1 t 
Hydrogen pressure a t  the r e c u p r a t o r  e x i t  
Hydrogen temperature at the hydraul ic  cuoler e x i t  
Hydrogen pressure a t  the nydraul i c  cooler e x i t  
Oxygen i n l e t  pressure t o  cmbustor 
lurb 'ne interstage s t a t i c  presrurc 
Turbine exhaust s t a t l c  pressur* 
Recuperator exhaust products e x i t  prestu'e 
I n l e t  lube o i l  tenperature 
Recuperator bypass valve area 
Recup.:rtor bypass f ! w  
I n l e t  hydraul ic f l u i d  temperature 
Oxygen accunulator pressure 
- Denendent Relationship 
Hydrogen pressure dif ference between the in jec to r  
e x i t  pressure a:d the cocrbustor p r e s s ~ r e  
,, d i f ference betwen the z d u s t o r  f low and the 
f l a r  t trough the f i r s t  stage o f  the turb ine 
The d i f ference i n  presaure between the pceheater 
e x l t  m d  the preheatcr bypass valve e x i t  
Torque balance between the turb ine and lohd 
The t e m y r a t u r t  e r ro r  o f  the hydrogen enter ing the 
hydrru l  i c  o i  I heat exchanyr  3r.d tile scheduled 
tenpcrr ture due t o  lube 01 1 teaperature 
The d i f ference between the guessed mixed tenper- 
ature f r m  the recuperator and the calculated 
tmperature 
The d i f ference between the~~ca lcu la ted  recuperator 
e x i t  pr rsrure and the guessed 
The d i f ference b e t m n  the guesied m d  the calcu- 
la ted temperature o f  the hydroen  a t  the hydraul ic  
oi  1 cooler e x i t  
The d l f f e ~ e n c e  between the calculated and guessed 
pressure of the hydrogun a t  the hydra-r l lc  o i l  
cooler e x i t  
The oxygen flaw d ~ f f e r e n c e  between the temperature 
equalizer and the flow con t rc l  valve 
The difference betwaen the f i r s t -s tage  turbine flow 
m d  the second-stags f1.w 
I f  the ~ n h a u s t  duct IS not choked, the closure 
e r r o r  brtween the s t a t i c  pressure a t  the end o f  the 
erhaust duct and wnbient pressure; i f  the exhaust 
duct i s  choked, nr tch ing the corrected f law a t  the 
I n l e t  to the ex1,aurt duct colapared t o  the corrected 
f l c u  required t o  mke the duct choke 
Thr axhaust gas pressure a t  tke e x i t  t o  the 
recuperrtor canpared w i t h  the !rdcpendant v a r i i b l e  
Heat balmce i n  the lube o i l  loop 
The tmporature generated by the c d u s t l o n  o f  the 
hydr-n and oxygen conpared t o  the desired contro l  
t-rature. 
The t m r e t u r a  o f  the hydrogen enter ing the conbus- 
t i o n  c h d e r  compared t o  the desired con t ro l led  
temperature 
Tha pressure a t  the e r l t  o f  ti.e recuperetor bypass 
vr tva eorparad t o  thc oressure from the recuperetor 
.xi t 
The tempmrature rt the hydraul ic  p u p  case return 
-.red t o  the tmperatu-e o f  the hydraul ic  mucap 
enter ing rha hydroul lc  cooler 
fh. difference between the o x y p n  flaw through the 
tmpor r tu re  a q u a l l m r  and tbe f low through the 
provides a so lu t i on  w i t h  the f low contro l  valves i n  the correct  pos i - i on  t o  
balance the load torque and the turb ine power. The s y s ~  :m i s  then perturbed 
by increasing the hydrogen f low contro l  valve 5 percent wh i l e  hold ing the heat 
exchanger bypass valves i n  t h e i r  i n i t i a l  posi t ions.  An ideal tu rb ine  i n l e t  
temperature contro l  i s  used t o  manipulate the oxygen f l a t  con t ro l  valve. Tur- 
bine accelerat ion as a func t ion  o f  time was used t c  de te r~ i i ne  the Laplace 
transfarms tha t  would y : e ld  t h i s  type ~f step response. '"he t rans fer  func- 
t ions were establ ished a t  various operat ing points ,  elgd a nor.1 inear element i n  
ser ies w i t h  the valve (as wel l  as the required t ransfer  function!: for the con- 
t r o l  ) were determined. 
The H2FLCA opt ion uses a 12-by-12 Jacobisn mat r ix  during the t rans ien t  
por t ion  o f  the operation. The reduced comp1exi;v o f  the Jacobian i s  a r e s u l t  
o f  some o f  the independent var iables becoming state-var iables (described by 
J i f  ferent i a l  equations instead o f  algebraic equations). Also, the bypass 
c o ~ t r o l s  have been frozen i n  t h e i r  l a s t  pos i t ion ,  which resu l t s  i n  a fu r ther  
reduction i n  the Jacobinn s ize  (Table 3-2). 
Hvdroqen accumulation effects.--The HZFLCA opt ion a l so  was used t o  
evaluate the e f f e c t  o f  the hydrogen accumulation on the dynamics o f  the APU. 
To ra ise  the pressure i n  a heat exchanger, the hydrogen mass i n  the heat 
exchanger must increase; t h i s  i s  the "gas bag" e f fec t .  The model used was t o  
calculate the mass o f  the hydrogen i n  the APJ from the shuto f f  valve through 
the hydrogen-hydraul i c  o i  1 heat exchanger. Then, an accumulation was selected 
tha t  ~ o u l d  hold the same mass o f  hydrogen as the expected pcessure a11d tempera- 
tu re  found a t  the hydrau l ic  o i l  heat exchanger e x i t .  Thus, the pressure i n  
t h i s  accumulator and t h .  pressure out o f  the hydrogen shuto f f  va lve becone 
the boundary condit ions, which determines the hydrogen f low from s t a t i o n  26 t o  
s ta t i on  36 w i t h i n  the APU. S imi la r ly ,  an accu#7ulator was placed between the 
temperatwe equal i ze r  and the hydrogen flow cont ro l  valve, which he ld  the 
same mass o f  hydrogen as the l i nes  . I , '  heat exchangers between s ta t ' on  36 and 
s ta t i on  58. The combustor acrr-... . q ;  c .  was removed from the deck t o  provide 
a comparison base without dynamics. - lhe  base acceleration was a step i n  
turb ine accelerat ion from 0 t o  2672 rpm/sec. The actual  run ( f igs .  3-7 and 
3-8) shows tha t  the accelerat ton peaks i n i t i a l l y  t o  2880 rpm/sec (+7.8 percent) 
and then decays to  2624 rpm/sec (-1.8 percent) a t  5.6 msec. The response 
rezches steady s t ~ t e  a t  16.8 msec. The disturbance from the nominal was very 
small and the durat ion i s  shown, which v e r i f i e d  the i n i t i a l  assumption tha t  
the  as bag" e f f e c t  was not  s I gn i f i can t. 
02FLCA.--The opt ion t o  i d e n t i f y  the charac ter is t i cs  o f  the system f o r  the 
-- 
temperature contro l  i s  based on the coupled response o f  the speed cont ro l .  The 
speed contro l  was mechanized to contro l  the h;droyen flow cont ro l  valve ( f i g  3-9) .  
s The oxygen t low contro l  was se t  a t  a f i xed  r a t i o  o f  the hydrogen f low contro l  
valve. This opt ion i s  run a f te r  an i n i t i a l  bypass condi t ion.  The heat exchanger 
bypass valves were held i n  the i n i t i a l  pos i t i on  dur icg the t ransient .  The 
TABLE 3-2 
H2FLCA OPTION: INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS 
Independent Variable 
Oxygen flow t o  combus t o r  
Hydrogen flow t o  
combus t o r  
Dependent Relat ionship 
Hydrogen pressure d i fference between the i n jec to r  
e x i t  pressure and the combustor pressure 
1 Preheater bypass flow I The d i f ference i n  pressure between the preheater e x i t  and the preheater bypass valve e x i t  I 
Oxygen flow control  
valve area 
Hydrogen pressure a t  
the recuperator ex i  t 
Hydrogen pressure a t  the 
hvdraul ic  cooler e x i t  
The d i f ference between the ca l cu ia te i  ;ecuperator 
e x i t  pressure and the guessed 
The d i f fe rence between the calcuiated and guessed pres- 
sure o f  the hydrogen a t  the hydraul ic  o i l  cooler e x i t  
The oxygen flow d i  fference between the temperature 
equal izer and the flow contro l  valve 
Turbine in ters  tage 
s t a t i c  pressure 
Oxygen i n l e t  pressure 
to com~ustor 
Turbine exhaust s t a t i c  
pressure 
The d i f ference between the f i rst-stage turb ine f low 
and the second-stage f low 
Recuperator exhaust 
productc e x i t  pressure 
Recuperator bypass flow 
I n l e t  hydraul i c  f l u i d  
temperature 
I f  the exhaust duct i s  not choked, the closure e r r o r  
between the s t a t i c  pressure a t  the end o f  the exhaust 
duct and ambient pressure; i f  the exhaust duct i s  
choked, matching the correct  f low a t  the i n l e t  t o  the 
exhaust duct compared t o  the corrected flow required 
t o  make the duct choke 
The exhaus t gas pressure a t  the ex i  t t o  the recupera- 
t o r  compared w i  t h  the independent var iab le  
The temperature generated by the combustion o f  the 
hydrogen and oxygen compared t o  the des i red contro l  
temperatures 
The pressure a t  the e x i t  o f  the recuperator bypass 
valve compared t o  the pressure from the recuperator 
e x i t  
The temperature a t  the hydraul i c  pump caie re turn  
compared t o  the temperature o f  the hydrau l i c pump 
enter ing the hydraui i c  cooler 
I l ~ h e  d i f ference between the oxygen flow through the I I 1 temperature equal i ze r  and the flow through the 1 I lpressure reguiator J 
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Figure 3-9.--Mechanization o f  02FLCA Computer Option. 
r a t i o  o f  the oxygen flow cont ro l  valve area t o  hydrogen f low cont ro l  valve 
area was the i n i t i a l  cond i t ion  r a t i o  p lus  1 percent (i.e., i f  the i n i t i a l  
condit ions indicated tha t  t he  O2 valve was 18.4 percent o f  t he  H2 valve, 
then the t rans ien t  would be run w i t h  an 02/H2 area r a t i o  o f  19.4 percent. 
The e f f e c t  o f  t h i s  change i n  r a t i o  i s  an increase i n  the tu rb ine  i n l e t  tem- 
perature, which provides more energy t o  the turbine, and the  speed cont ro l  
char,ges the valve ares; t o  maintain tu rb ine  speed. The temperature cont ro l  
i s  i d e n t i f i e d  w i t h  the i n te rac t i on  o f  the speed cont ro l  because the speed con- 
t r o l  reacts faster  than the temperature cont ro l .  This r e s u l t s  i n  a temperature 
contro l  tha t  mainly has a t r imning function. 
Bypass Con t ro  1 
The RECYCA opt  ion was used t o  determine the response o f  the hydrogen 
tzmpel-atures throughout the system t o  a step i n  the preheater bypass cont ro l  
valve area. The preheater bypass valve area and the preheater ser ies valve 
have complementary areas, thus ac t i ng  as a three-way valve. The hydrogen 
temperatures a t  s ta t ions  32 and 58 were determined w i t h  the tu rb ine  speed 
contro l  and the turb ine i n l e t  temperature cont ro ls  operable. 
The procedure used t o  acquire the i d e n t i f y i n g  t rans ien t  was t o  s tep  the  
valve area and record the r e s u l t i n g  temperature t rans ien ts  ( f i g .  3-10 and 3-11). 
S i m i  l a r l  y, the react ion o f  the system t o  a step i n  recuperat ion bypass (BYPSCA) 
valve area was performed ( f i g s .  3-12 and 3-13). 
w I t  i s  required t o  i d e n t i f y  the t rans fer  funct ion from both valve area 
changes to  each o f  the temperatures t o  be cont ro l  led  because there i s  a 
considerable amount c f  i n te rac t i on  between the contro l  loops. 
f . '  
, 
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Figure )-i0.- ate of Change of H; Temperature tit ~ ~ d r a u l ' i c  01 1 Cooler 
I n l e t  Due to Preheater Bypass Valve Step. 
Figure 3-1 1 .--Rate of Change of H2 Temperature a t  Equal izer  hxi t 
Due to Preheater Bypass Valve Step. 
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Figure 3-12.--Rate of  Change of  H2 Temperature a t  Equalizer E x i t  
Due to  Recuperator Bypass Valve Step. 
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Figure 3-13.--Rate o f  Change of  HI Temperature a t  ~ y d r a u l  i s  O i  1 
Cooler Due t o  Recuperator Bypass Va 1 ve Step. 
Trans i en t  
The t rans ien t  (TRANS) op t ion  i n  the MAINSR was used to  evaluate the 
performance o f  the contro l  system t o  various disturbances. An example o f  the 
performance o f  the system t o  a l-sec maximum power pulse and then re turn ing  to  
i d l e  i s  shown i n  f i g .  3-14. The response o f  the speed contro l  i s  very symmetric 
a t  h igh and low power; t h i s  i s  due to  the non l inear i ty  placed i n  the speed con t ro l .  
The v a r i a t i o n  i n  response r a t e  o f  ~ ( 3 2 )  between h igh and low power i s  due t o  
the va r ia t i qn  i n  hydrogen flow. 
a 
The TRlNS opt ion  a lso  was used t o  evaluate the v a r i a t i o n  i n  tu rb ine  i n l e t  
temperature cont ro l  as a func t ion  o f  accumulator volume and oxysen pressure 
regulator  charac ter is t i cs .  
Turbine Control Var iat ions 
Turbine speed and temperature contro ls  were analyzed t o  evaluate perform- 
ance during t rans ien t  operation. Several d i f f e r e n t  system conf igurat ions were 
run through the t rans ien t  imposed by changing from i d l e  power t o  f u l l  power 
i n  75 msec a t  sea l eve l .  The f i r s t  system was considered the "base" system 
and the other  conf igurat ions were changes t o  the  base. I n  each change, on ly  
one cha rac te r i s t i c  was d i f f e r e n t  from the base. The systems a re  1 i s ted  i n  
table 3-3. Performance comparisons based on the several system conf igurat ions 
are shown i n  f i gs .  5-15 through 3-19. 
TABLE 3-3 
SYSTEM CONFl GURATlONS FOR TRANSIENT ANALYSIS 
O 2  regulator  
response, msec 
O2 accumulator 
volume, cu in .  
'2 
maximum area 
O2 regulator  
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Figure 3-16.--Area (CA) of H2 and O2 Flow Control Valves During Idle 
to Full Power Transient. 
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Figure 3-18.-- I n t e r t u r b i n e  Temperature During i d l e  to  Ful l Power 
Transient.  
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The s t a r t  op t ion  was w r i t t e n  t o  evaluate the performance o f  the cont ro l  
system dur ing the s t a r t  o f  the APU. The primary concern was the amount o f  
turb ine speed overshoot that  would be experienced. For the i n i t i a l  condi t ions,  
a l l  heat exchanger temperatures were se t  t o  519oR, and the turb ine soeed was 
set  t o  100 rpm. 
Coaponen t Def i n i t ions 
Two aspects o f  component descr ipt ions are ( 1 )  the v e r i f i c a t i o n  tha t  the 
resu l ts  o f  the performance of  the analys is  model are compatible w i t h  more 
sophist icated analys is  techniques, and (2)  the e f f e c t  o f  the simulatar analys is  
on the component reqlJ i remen t s. 
The primary concern i n  the heat exchanger analys is  i s  the t rans ien t  
character i s t  i c  o f  the heat exchanger as ccmpared t o  performance o f  the same 
component using more sophi s t  icated rmdel s. The recuperator s t a r t  t rans ien t  
was considered t o  be the condi t icn tha t  wouid def ine the heat exchanger thermal 
stress spec i f i ca t ion .  The s t a r t  t rans ien t  was performed using a 144-mode 
thermal analyzer program. The resul t s  close1 y matched the four-mode model 
used i n  the system simulator ( f i g .  3-20). 
I n  the base run the oxygen flow cont ro l  valve h i t  the fu l l -open stop, 
and the r e s u l t  was a drop i n  combustor temperature. The reason tha t  the ox,gen 
valve h i t  the l i m i t  was tha t  the maximum flow requirement o f  the speed cont ro l  
corresponded t o  the minimum pressure o f  the cxygen regulator-accumulator 
subsys tem. 
The f i r s t  change t o  the base system was t o  drop the oxygen accumulator 
volume t o  25 cu in. so as t o  reach a minimum sooner and recover before the 
f low requirement o f  the sneed contro l  reached the maximum point.  The smaller 
accumulator d i d  resu l t  i n  a fas ter  subsystem but  the disturbance amp l i f i ca t i on  
resul ted i n  a response tha t  was unacceptable. 
For the second change the pressure regulator  was set  t o  a nominal 565 
ps ig.  This provided s u f f i c i e n t  pressure across the oxygen flow cont ro l  valve 
tha t  t rave l  was not l im i ted .  The increased pressure across the valve d i d  re- 
s u l t  i n  a 112.g0R range i n  the combustor temperature. The increased range i s  
due t o  the fac t  t ha t  change i n  oxygen flow w i t h  respect t o  combustor pressure 
i s  reduced and the short- term temperature gain o f  the combustor i s  increased. 
I t was t h i s  phenomenon which o r i g i n a l  l y  caused the in t roduc t ion  o f  the pressure 
regulatcr  t o  the system. 
The th i rd  change t o  the system was t o  increase the response o f  the O 2  
pressure regulator  t o  1CO msec. The oxygen f low cont ro l  valve d i d  not h i t  the 
l i m i t  and the temperature va r ia t i on  was 69.50R. This change does not compromise 
acy other  cperat ing condi t iqn and i t  i s  accomplished by s i z i n g  the o r i f i c e  i n t o  
tne be1 lows chambei. o f  the ~ ressu re  regulator .  
1 400 Ult imate 
steady- Predi cted by four- s ta te  
node model i n  L - -. 
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Figure 3-20.--Comparison o f  Recuperator Performance Predictions 
f o r  S tar t  Trans lent. 
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The l a s t  chazge tc the sys tem was to r 3 i s e  the oxygen flow con t ro l  va lve 
area l i m i t  t o  115 perc.?nt o f  the s p e c i f i c a t i o n  requirement. The temperatbl-e 
range o f  the combustor dur ing  the t rans i e n t  was 74. 1°R. The increase i n  the 
oxygen flow con t ro l  va lve area requ i res  t h a t  the oxygen f low c o n t r c l  va lve have 
a l a rge r  turn-down r a t i o ,  . ~ h i c h  would increase the d i f f i c u l t y  i n  producing the 
va l ve .  
The se lected conf i gurat  i c n  i s  the t h  i r d  change--02 regu la to r  cesponse 
chdnged from 200 t o  100 msec. 
Flow Control  Valves 
The f low con t ro l  va lve requirements were de f ined  from the d i g i t a l  computer 
s imulator .  The speed o f  response was determined from the E2FLCA i d e n t i f i c a t i o n  
runs, whereas the temperature extremes were der ided from the BYPASS and NO 
BYPASS opt ions.  The c r i t i c a l  parameter, which was th2 s i z e  requ i red  f o r  
c o n t r a ] ,  was der ived by use o f  a  spec ia l  c o c t r o l  va lve op t ioc .  The valves 
were s i zed  such t h a t  the maximum acce le ra t i on  under maximum load was g rea te r  
than the maximum dece le ra t ion  under minimum load. 
Bypass Valves 
The s imu la to r  prov ided in fo rmat ion  on the  s i z e  o f  the  heat exchanger bypass 
valves.  I n i t i a l l y ,  I - sq - in .  valves were used t o  c o n t r o l  the temperature. By 
p e r f o r ~ i n g  parametr ic  s tud ies on the  valves,  con t ro l  o f  t h e  f:ow s p l i t  o f  the  
hydrogen was shown t o  be i n e f f e c t i v e  w i t h  by?ass areas o f  g rea te r  than 0.5 sq i n .  
This,  coupled w i t h  the  requirement o f  r a i s i n g  the  hydrogen i n l e t  temperatures t o  
m b i e n t  t e s t  condi t ions,  r esu l t ed  i n  t he  i nco rpo ra t i on  o f  se r i es  valves i n  t h e  
system t o  p rov ide  the c a p a b i l i t y  of 100 percent bypass o f  bo th  t h e  preheater and 
the recuperator .  The valves a re  d r i ven  t o  p rov ide  complementary areas ( i .e. ,  t h?  
sum o f  the area o f  the preheater bypass va l ve  and t h e  preheater  se t  ies  va lve  i s  
a constant ) .  
The requ i red  response o: t h e  bypass valves was determined by t h e  requi red 
bandwidth o f  the  bypass con t ro l s .  The speed requ i red  by t h e  valves can be seen 
from the valve movement requi red dur ing  load t r ans ien t s .  
Oxygen Pressure Regulator 
The oxygen pressure regu la to r  i n i t i a l l y  was incorporated i n  f r o n t  o f  the 
temperature equa l i ze r ,  bu t  was moved t o  prevent two-phase f low i n  t h e  va lve.  
The response and s i z i n g  o f  tt-e pressure r egu la to r  were i n i t i a l l y  prepared by 
the va lve group. Wi th  t h e  regu la to r  dynamics incorporated i n  t he  system simu- 
l a t o r ,  i t  was decided t o  lower the s p r i n g  r a t e  o f  t h e  r egu la to r .  Thi; reduced 
r i n g i n g  i n  the regu la to r  and caused i t  t o  damp o u t  f a s t e r .  
Oxy gan Accumu 1 a t o r  
The oxfgen accumulator was added t o  the basic  systen r o  provide inherent 
s t a b i l i t y  o f  the tc rb ine  i n l e t  temperature. The oxygen pressure source i s  from 
a supercr i  t i c a l  oxygen tank a t  900 psia, whereas the hydrogen source pressure i s  
575 psia. This resu l ts  i n  p a r t i a l  oxygen flow w i t h  respect t o  the combustor 
pressure. The pressure i n  the combust i~n  cnamber i s  determined by the primary 
flow rates o f  the hydrogen and oxygen and the oxygen-hydrogen r a t  i9 (o/F, 
oxygen/fuel r a t i o ) .  At  a p a r t i c u l a r  level  of  flow through the zombustor, the 
primary d r i v i n g  force on the combustor pressure i s  the temperature o f  the corn- 
* ' 
bust ion products. As shown i n  f i g .  3-21, the pressure iccreases as the square 
root  o f  the temperature; then the temperature w i l l  increase i f  a disturbance 
occurs, and the temperature increase w i l l  increase pressure. Thus, i f  
For no i n te rac t i on  between pressure and temperature, equation 3-1 must equal 1. 
To accomplish t h i s ,  the oxygen pressure regulator  pressurc should be se t  such 
tha t  the press>t-e ~ a t i o  across the hydrogen f low contro l  valve i s  equal t o  the 
pressure r a t i o  across the oxygen flow cont ro l  valve. , . 
i 
I I 
Figure 3-21.--Combustor Pressure and Temperature. 
The pressure regu la to r  s e t  p o i n t  i s  a t  the hydrogen pressure source less 
the pressure drop through the hydrogen temperature cond i t i on ing  hardware. The 
pressure regu la to r  w i l l  tend t o  p rov ide  a s t a b l e  temperature a t  low frequencies,  
bu t  as the disturbance becomes f a s t  o r  contains h i gh  frequencies (which a re  
h igher  than the regu la to r  r eac t i on  r a t e ) ,  combustion temperature va r i a t i ons  
occur. To minimize t h i s  e f f e c t ,  the cxygen accumulator was incorporated. The 
accumulator provides the pressure s t a b i l i t y  t o  h igher  frequency disturbances 
and thus, coupled w i  t h  the pressure regu la to r ,  provides a sys tem w i t h  much less 
i n t e r a c t i o n  beheen  combustion pressure and temperature. 
Check Valve 
The oxygen check va lve was introduced upon ana lys is  o f  the s t a r t  t r ans ien t .  
The hydrogen pressure i n  the combustor increases u n t i  1 back f low from the com- 
bustor  t o  the oxygen accumulator i s  e l iminated.  This r esu l t s  i n  an exp los ive  
H -02 rnixture be ing passed through the i g n i t o r  spark gap w i t h  the p o s s i b i l i t y  
o f  a f lashback i n t o  the oxygen accumulator. The check va lve between the oxvgen 





The con t ro l  subsystem comprises two types o f  con t ro l s  : pr imary and 
secondary. The pr imary con t ro l s  a re  the dynarnic con t ro l  loops t h a t  p o s i t i o n  
the f low con t ro l  valves and the bypass c o n t r o l  valves. The secondary con t ro l s  
 re the l o g i c  c i  r cu i  t r y  requ i red  f o r  system s ta r t up ,  shutdown, and w n i  t o r i n g .  
These are discussed i n  t h i s  sec t ion .  
The breadboard con t ro l  funct ions as a f l  igh t - t ype  c o n t r o l l e r  would, b u t  
contains c e r t a i n  features des i rab le  f o r  development t h a t  would no t  be incorpo- 
ra ted  i n t o  a  f l i g h t  design. The combustor pressure and temperature, t u rb i ne  
speed, anc equa l i ze r  o u t l e t  temperature can be ae jus tcd  t o  var ious se t  po in t s  
o ther  than the design values. Th is  permits great  f l e x i b i l i t y  i n  i n i t i a l  
t es t i ng .  Design values w i l l  be used as confidence i s  gained i n  opera t ion  a t  
reduced va 1 ues. 
Primary Cont ro ls  
i 1 The pr imary con t ro l s  are shown i n  F igure 4-1. These inc lude :  - 
(a) Turbine speed con t ro l  
(b)  Turbine temperature con t ro l  
(c) B y p ~ s s  con t ro l s  I i 
I 
Turbine speed c o n t r o l  .--The t u rb i ne  speed con t ro l  requi res the t r a n s f z r  
func t ion  from hydroqen f l ow  con t ro l  va lve area t o  t u rb i ne  speed, and was 
i d e n t i f i e d  by u i e  o f  the h2FLCA s imu la to r  op t ion .  The i d e n t i f i c a t i o n  was 
performed a t  several  po in ts  throughout the opera t ing  range. Three o f  these 
condi t ions (def ined i n  f i g s .  4-2 and 4-3) are  descr ibed t o  show the v a r i a t i o n  
i n  the dynamics. 
Condi t ion 1  t auld have had a po le  i n  the r ight -hand plane. The accelera- 
t i o n  was increas ing w i t h  almost immeasurable p o s i t i v e  j e r k .  Since the po le  
W ~ S  a t  a  low enough frequency, an i n t e g r a t o r  was assumed f o r  c o n t r o l  design. 
This r esu l t s  i n  a  l i n e a r  system model f o r  which minimum phase c o n t r o l  design 
techr, iques can be used (such as Bode analys i s )  . 
A nonl i n e a r i  t y  i s  p laced between the 1 i nea r  p o r t i o n  o f  the con t ro l  and 
:>e va lve p o s i t i o n  loop t o  p rov ide  a more un i fo rm gain f o r  the complete range 
? elf opera t ing  cond i t i ons .  With the a d d i t i o n  o f  an i n t e g r a t i n g  c o n t r o l  w i t h  
lead f o r  s t a b i l i t y ,  the con t ro l  c h a r a c t e r i s t i c s  given i n  f i g .  4-4 ( i n  the 
form o f  a  Bode p l o t )  a re  obtained. 
Turbine i n l e t  temperature con t ro l  . - - I n  determin ing the coup l ing  betwzen 
the speed con t ro l  and the temperatur? c o n t r o l  , the speed con t ro l  was mechan i zed 
w i t h  an idea l  temperature con t ro l ,  and f u l l  load change t r ans ien t s  were run. 
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Condition I--350-hp hydraulic output a t  14.7- 
psin ambient pressure 
Condition 2- Zero hydraulic output a t  zero 
ambient pressure 
Eondi t ion f--270-hp hydrrul i c  output a t  14.7- 
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Figure 4-2.--Typical Response t o  5 Percent Step Figure 4-3.--Speed Control 
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Figure 4-4.--Open-Loop Gain Characterist ics 
o f  Speed Control. 
The hydrogen flow cont ro l  valve area was p l o t t e d  against the oxygen flow cont ro l  
valve area ( f i g .  4-5).  This ind icated a f i xed  re la t ionsh ip  between the two 
areas during the i n i t i a l  po r t i on  o f  the t ransient .  Consequently, i t  was decided 
t o  mechanize the turb ine temperature loop output as a r a t i o  o f  oxygen f low 
cont ro l  valve area t o  hydrogen f low contro l  valve area. That i s ,  w i t h  a change 
i n  the pos i t i on  o f  the hydrogen flow contro l  valve (as determined by the speed I 
con t ro l ) ,  the pos i t i on  o f  the oxygen flow contro l  valve i s  changed simultan- j 1 
eously t o  maintain essent ia! ly the same valve area r a t i o  during the i n i t i a l  I 
p a r t  o f  the t rqnsient .  Gxygen valve pos i t i on  i s  subsequently t r i n e d  by the 1 
turb ine i n l e t  temperature cont ro l  as required. I n  t h i s  way, close temperature 
cont ro l  can be maintained during a load t rans ien t  using a temperature sensor i 
w i t h  r e l a t i v e l y  slow response. A t  the same tim, the accuracy o f  a closed-loop 
cont ro l  i s  obtained f o r  steady-state operat ion a t  any load condi t ion essen t i a l l y  
independent o f  anbient condit ions o r  p rope l lan t  i n l e t  temperature. 
The 02FLCA opt ion  was used to  i d e n t i f y  the t ran5fer  funct ion from the 
oxygen valve/hydrogen valve area r a t i o  t o  the t u r b i  ne i n l e t  temperature. 
The condit ions used fo r  the cont ro l  design were sea-level , maximum power and 
maximum a l t i t u d e ,  minimum power. The cont ro l  loop uses a lead-lag networK i n  
the feedback t o  provide some measure o f  thermocouple compensation, and an 
in tegra t ion  w i th  a lead i n  the feed forward. A t  minimum power the thermocouple 
i s  undercompensated, which resu l t s  i n  a con t ro l l ed  gas temperature tha t  i s  
h igh  when the temperature o f  the thermocouple i s  low.  As the thermocouple 
approaches steady s ta te ,  the gas temperature a l so  approaches steady s ta te ,  
wh i le  a t  maximum power the opposite occurs. 
Bypass contro l .  --The bypass cont ro ls  were i d e n t i f i e d  using the RECYCA and 
PYPSCA t ransient  opt ions. The t rans fer  funct ions f o r  both T58 and T32 ( f i g .  
3-1) f o r  each o f  the valve disturbances were i den t i f i ed .  The requirement f o r  
both temperatures i s  due to  the i n te r i i c i i on  o f  both temperatures w i t h  a change 
o f  e i t h e r  valve. The cont ro l  loops f o r  each o f  the temperatures were designed 
using a lead-lag feedback and an in tegra t ing  contro l .  The contro l  loops are 
f o l  lowed by a nondynamic cross-coup1 ing  o f  the bypass and ser ies valves t o  pro- 
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Figure 4-5.--Oxygen and Hydrogen Flow Control Valve Area Relat ionships f o r  
Speed Controi w i t h  Ideal Temperature Control. 
Secondary Cont ro ls  
The s t a r t u p  and shutdown l o g i c  shown i n  f i g .  4-6 i s  p r i m a r i l y  designed 
t o  prevent an oxygen-r ich mix ture from passing over  the ho t  turbomachinery. 
This requi  res t h a t  the hydrogen s h u t o f f  valve be opened f i  r s t .  A f t e r  the. 
hydrogen pressure i s  obtained, and the hydrogen f low i s  es tab1 i shed, the 
oxygen valve i s  opened. 
For shutdown, the oxygen s h u t o f f  va lve i s  closed. To detect  t i ra t  the 
oxygen f low has been i n t e r rup ted ,  the t u l  ~i ne i n l e t  temperatgre sensor i s  used. 
The hydrogen s h u t o f f  valve remains open un t  i 1 the temperature o f  the overtempera- 
e 
t u re  the rmcoup le  i s  below 9 0 0 ~ ~ ;  t h i s  temperature was se lec ted  because the 
t u rb i ne  i n l e t  temperature c o n t r o l  p o i n t  can be se lec ted  as low as 960'~. 
Mon i t o r  
The moni t o r  phi losophy o f  the APU system has been t o  look a t  se lec ted  
parameters and t o  i n i t i a t e  a normal shutdown upon de tec t ion  o f  a poss ib l e  
f a i l u r e .  The parameters were se lec ted  by weighing two f ac to r s :  (1) the 
c r i t i c a l i t y  o f  the parameter, and (2) the  ease o f  ob ta i n i ng  the data. Spec ia l  
sensors were i ncorporated i n  t o  the sys tem t o  o b t a i n  independent measuremen t o f  
the tu rb ine  speed and the t u rb i ne  i n l e t  t e m p e r a t u ~ ~ .  The d i f f e rence  i n  t u rb i ne  
i n l e t  temperature as measured by the two thermocouples i s  accomplished by the I 
i nco rpora t ion  o f  an amp1 i f  i e r  and two diodes. The approach has been t o  s e t  
the f a i  1 u re  1 i m i  t s  conserva t i ve ly  w i t h  the hazard o f  unnecessary shutdowns. 1 i X 
The system i s  shut down and then the problem i s  determined. The 1 i m i  t s  a re  
shown i n  f i g .  4-6. I f  one o f  the monitored parameters i s  cons i s t en t l y  s h u t t i n s  1 
down the sys tem, the parameter 1 i m i  t can be  changed o r  the  moni t o r i  ng o f  t h a t  
p a r t i c u l a r  p o i n t  caK be deleted. 
3 
Sensors 1 Z 
The three types o f  sensors used t o  p rov ide  in format  ion t o  the c o n t r o l  l e r  
are ( 1 )  speed, (2) temperature, and (3) pressure.  
Two speed sensors are used. The f i r s t  counts the passage o f  the t ee th  o f  
the pump d r i v e  gear, which has 95 teeth,  ro ta tes  a t  5020 rpm, and provides a 
nominal 7948-Hz s i gna i  t o  the c o n t r o l l e r  f o r  the pr imary speed c o n t r o l .  A 
second i d e n t i c a l  sensor i s  located so as t o  count a 60-tooth d ~ s k  on the t u rb i ne  
sha f t .  I t  provides a nominal 63,000-Hz s i g n a l  t h a t  i s  used t o  de tec t  an over-  
speed cond i t i on .  These sensors are descr ibed i n  f i g .  4-7. 
Four thermocouples are used t o  moni tor  gas temperatures i n  the system. 
These thermococples are o f  a spec ia l  design t o  combine h i gh  response w i t h  re- 
t s is tance  t o  the e f f e c t s  o f  h o t  hydrogen gas and a v i b r a t o r y  environment. The 
thermocouple j o i n t  i s  supported i n  a magnesium ox ide  i n s u l a t i o n  swaged i n  an 
0.032-in.-dia icconel  tube. This design w i l l  p rcv ide  a t ime constant o f  ap- 
p rox i aa te l y  0.2 t o  0.4 sec, depending upon the gas f low ra tes.  Th is  type o f  















































































































































































































































































































































Two pressure swi tches are used t o  provide a swi tcheo s ignal  t o  the 
c3ntro l  l e r  i n  the event o f  over- o r  underpressure i n  the l ub r i ca t i on  system. 
An overpressure condztion could occur i f  the o i l  i n  the o i l  cooler congealed 
s u f f i c i e n t i y  to block the f l o w .  These comnercial l y  ava i lab le  switches are 
described i n  f i g .  4-9. 
Cor~ t ro l  C i r c u i t  Design 
I n  the fo l low ing discussion. examples o f  por t ions o f  the e lec t ron i c  cont ro l  
c i  rcu i  t design and the e f fec ts  of  selected component fa i  lures are presented. 
Thermocouple a n p l i f i e r  and  old junc t ion  compensation.--The schematic f o r  
turbine i n l e t  cont ro l  and over temerature thermocou~le amo i i f i e r  i s  shown i n  
f i g .  4-10. The type o f  +hermocou~le t o  be used i s  chromel-alumel. 
The combination Z 1' z2' and Z comprises the tu rb ine  i n l e t  cont ro l  t he rm-  4 
couple s ignal  condit ioning. The cold junc t ion  compensation amp l i f i e r  Z coa- i 
pensates the cold j unc t i on  forrned when the chromel-alumel wires are terminated 
a t  the c i r c u i t  board i n  the cont ro l  system. The co ld  junc t ion  senses the 
ambient temperature o f  the c i r c u i t  board. Since the ambient temperature i s  
not constant, Z and i t s  associated c i r c u i t r y  provide a vol tage tha t  compen- 1 
sates fo r  the co id  junc t ion  through the use o f  thermistor R (C-P n ~ c k e l ) .  7 
The temperature c o e f f i c i e n t  o f  the thermis to r  approximates the voltage versus 
temperature proper t ies o f  a chromel-alumel junc t ion  when the thermistor i s  
proper ly  biased. This compensat ion can be repeated cons is ten t ly  t o   OF fo r  
ambient temperature changes o f  150°F. 
Operational amp l i f i e r  Z i s  a high-voltage gain amp l i f i e r  used t o  condi- 2 
t ion t i le vol tage from the chromel-alu~nel thermcouple. This amp1 i f  i ca t i on  is  
necessary because the thermocouple has a low vol tage versus temperature pro- 
f i l e .  The gain o f  the therinocouple i s  approximately 23 pv/OF. I n  the case 
o f  an open-c i rcu i t  thermocouple, the combination o f  R16 t o  Rlg provides a low- 
vol tage b ias  that w i l l  cause the output o f  Z2 t o  exceed i t s  normal operat ing 
range. When th i s  exceedance occurs, a shutdown s igna l  is  provided t o  the 
shut down log i c  through CR2. 
Z is  used t o  level  s h i f t  and buf fe r  the ampl i f ied  thermocouple vol tage 4 
to  i t s  desired voltage scal ing and leve l .  The tu rb ine  i n l e t  cont ro l  w i l l  have 
a f i n a l  scal ins o f  10.0 rnv/O~ and have an output vol tage o f  5.il00 v a t  tc.nper- 
a tures equal to 2 0 0 0 ~ ~ .  The combinat ion o f  Z and Z performs the s;me 5 3 
f u n c t i o n  as Z a d  Z,+, except that  these cond i t ion  the overtemperature iherino- 2 
couple . 
The purpose o f  2 i s  t o  compare the d i f ference between the two condit ioned 6 
thermocouple signals and t o  provide a shutdown s ignal  for  the shutdown log i c  
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Figure 4-).--Pressure S w i  tches Used on the H2-O2 APU-T P/N 581 170- 1-1  

i s  t o  provide overtemperature shutdown; Z provides a steady-state l i m i t ,  7 
whi le  Z takes i n t o  account the thermocouple dynamics to  p ro tec t  against 8 
overtemperature during t ransient  condit ions. 
Ereauencv t o  d i  r e c t  current  converters .--A schemat i c d i  agram o f  the 
frequency-to-dc converters i s  shown i n  f i g .  4-1 1. The schematic includes the 
converters f o r  both the cont ro l  condi t ioner  and the overspeed condi t ioner;  
both c i r c u i t s  are i den t i ca l .  The b lock  diagram o f  the frequency-to-dc converter 
i s  shown bel-. 
Each o f  these funct ional  blocks i s  discussed below. 
Monopole 
To sense an open c i  rcu i  t monopole, a dc current  i s  passed through the 
monopolz as shown i n  f i g .  4-11. I f  the monopole has e l e c t r i c a l  con t i nu i t y ,  
w i l l  remain i n  the saturated, or  nonfai led, condi t ion.  I f  the monopole 
Ql 
becomes an e l e c t r i c a l  open c i r c u i t ,  the base current,  which ensures tha t  Q 1 
i s  saturated, w i  11 drop t o  a leve l  tha t  wi 11 a1 low Q1 t o  t u r n  o f f .  This 
sequence s i l l  provide a shutdown s ignal  t o  the shutdown log i c  through CRI. 
Open 
- c i r c u i t  
detector 
The squaring c i r c u i t  . a n d i t  ions the output vo l tage from the mmnopole t o  
a s ignal  level  and amplitude compatible w i t h  the vol tage levels  and power 
required t o  supply the prec is ior l  one-shot. The amplitude o f  an uncondit ioned 
monopole would be unacceptab'e due t o  i t s  v a r i a t i o n  i n  amplitude versus f r e -  
quency charac ter is t i c ;  theretore, the h igh  gain squaring c i r c u i t  el iminates 
t h i s  r e s t r i c t i o n .  
-Squarins- 







The prec is ion  one-shot i s  used t o  generate a s tab le  time period. The 
operat ion o f  the frequency-to-dc converter i s  based on the p r i n c i p l e  tha t  the 
average dc voltage level  o f  a t r a i n  o f  rectangular pulses I s  propor t ional  t o  
the amplitude and t o  the per iod o f  the pulses, and i s  inversely propor t ional  





f i l t e r  

: where V is  provided by the refererce switch. 
r e f  
shot period 
" ref  Yne +I = 
I f  the pulse width t and amplitude Vre f  are he ld  constant. and the per iod  
between pulses (T. ) is  equal t o  the per iod  o f  the input frequency tha t  i s  i n  
being converted, then 
0.0 vo l t s  
'ref t 1 - 
- and s ince T = input frequency, 




= (constant) x ( input  frequency) 
1 
I I 
therefore, the average dc voltage i s  1 inear l y  propor t  ional t o  the input 
frequency . 
The ac t i ve  f i l t e r  serves t o  ex t rac t  the average dc component from the 
pulse t r a i n  provided from the raference switch. It a lso  serves t o  ampl i fy  
the average dc voltage t o  su i tab le  scale fac tor .  The dc ga .I o f  the ac t i ve  
f i l t e r  i s  chosen so tha t  the output vol tage leve l  var ies from 0 t o  5 v f o r  a 
0 t o  100 percent change i n  input frequency. The ac gain cha rac te r i s t i cs  o f  
the ac t i ve  f i l t e r  are such tha t  the output response time, phase s h i f t ,  snd 
r i p p l e  voltage i n  the dc output s ignal  are con t ro l l ed  t o  acceptable l i m i t s .  
Z 4  i s  used t o  compare the two condi t ioned speed s i gna l s .  I f  the 
d i f f e rence  between these exceeds an a l lowable l i m i t ,  (as shown i n  f i g .  4-12) 
a shutdown s i gna l  i s  supp l ied  t o  the shutdown l o g i c .  
Hvdrosen va lve c o n t r o l  loop.--The schematic o f  the hydrogen va lve c o n t r o l  
loop i s  shown i n  f i g .  4-12. Th is  c o n t r o l  loop receives e l e c t r i c a l  i npu ts  f rom 
the condi t ioned P (combustor pressure) s i gna l  cond i t i one r ,  N ( t u r b i n e  6 1 c 
~ ~ e e d ) , A P ~ ~  (ex te rna l  a d j u s t m n t  f o r  va ry ing  P 6 1 c o n t r o l  l e v e l ) ,  and speed 
s e l e c t  ( f o r  s e l e c t i n s  t u rb i ne  speed c o n t r o l  The c i r c u i  t provides an 
4 
e l e c t r i c a l  s i gna l  t h a t  commands hydrogen va lve p o s i t i o n .  A b l ock  diagram o f  
the c o n t r o l  loop i s  shown below. 
. ~ 
T u r b i m  speed 0.005 (0.0255+1) (0 .25+1)  
7950 H 2  S (0 .005S+l )  n 
Hydrogen Valve Cont ro l  Loop 
The ac tua l  e l e c t r o n i c  c i r c u i t  mechanization i s  inc luded i n  f i g .  4-13. 
The mechanization contains two f unc t i on  generators designed t o  f i t  t he  requ i r ed  
type o f  curve by appropr ia te  use o f  a m p l i f i e r s  i n  shunt and by d i s c r i m i n a t i n g  
w i t h  diodes. 
I n  f i g s .  4-12 and 4-13, the  areas designated @ are  used t o  p rov ide  the 
necessary loop dynamics as requ i red  f o r  loop s t a b i  1 i t y .  These dynamics a re  
spnc i f  i ed  elsewhere. The two c o n t r o l  mcdes (speed and pressure) must be 
bounded l i m i t s  t o  e l i m i n a t e  i n t eg ra te r  windup. Th is  i s  accomplished by 
the function' generator shown i n  f i g .  4-13, which has a common feedback p o i n t  
f o r  the opera t iona l  amp1 i f  i e r s  t o  ensure tha t  the  i n t e g r a t i n g  capac i tors  f o r  
the speed and pressure loops have t he  same i n i t i a l  cond i t i ons .  The mechaniza- 
t i o n  o f  the four-segment f unc t i on  generator i nd i ca ted  i n  t h e  v a l v e  con t ro l  
loop i s  shown i n  f i g .  4-13 a .  A graph o f  the requ i red  f u n c t i o n  i s  as f o l l w s :  
Funct ion generator 


Each o f  the f ou r  d i s t i n c t  segments shown above i s  mechanized by an opera t iona l  
amp1 i f i e r .  The i n d i v i d u a l  c h a r a c t e r i s t i c  o f  each amp1 i f i e r  i s  shown i n  the 
requi red f unc t i on  p l o t .  Since the outputs o f  each a m p l i f i e r  a re  OR'ed together  
through CRl9, C322, CR25, and CR28, Z4A preva i  I s  u n t i  1 Ein approaches V 12' 
248, ZSA, and 258 are i n  negat ive s a t u r a t i o n  o f  the appropr ia te  i n t e r l o o p  
diodes. When E in  exceeds V 248 predominates because Z4A, ZSA, and 258 12 ' 
cannot con t ro l  the ou tpu t  a t  3 lower vo l tage  than des i red  by 248. This same 
concept appl ies  t o  the remaining segments. This approach was extended t o  
h i gh  and low d i sc r im ina to r  along the same l i n e s  as shown i~ f i g .  4-1. 
Res~onse o f  svstem w i t h  f a i l e d  com~onents.--Thi, d 'scussic 3 h w j ~  how 
the changes i n  s p e c i f i c  components a f f e c t  the systel.1. ~ ~ m p o n e n t s  discussed 
are (1) hydrogen f low con t ro l  valve,  (2) oxygen f low con t ro l  valve,  (3) 
preheater bypass va lve,  (4) recuperator bypass va lve,  (5) mor~opole, ( 6 )  pres- 
sure sensor, (7) temperature sensor, and (8) power supply. 
Hydrogen f low con t ro l  valve:  The hydrogen f l o w  con t ro l  va lve  i s  p r i m a r i l y  
coupled t o  t u rb i ne  speed and temperature c o n t r o l  loops. The two types o f  hard- 
over f a i l u r e s  o f  the hydrogen f l ow  c o n t r o l  va lve  a re  (1) a  speed con t ro l  f a i l -  
u re  causing both oxygen and hydrogen valves t o  be d r i ven ,  and (2 )  a  f a i  l u r e  
t h a t  d r i ves  o n l y  the hydrogen f l ow  c o n t r o l  valve.  I f  bo th  the  hydrogen va lve  
and the oxygen va lve a r e  d r i ven  i n t o  the  l i m i t  a t  the same t ime, the  t u rb i ne  
w i  1 l s t a r t  t o  acce lerate .  Th is  prov ides cons iderab le  energy f o r  t u rb i ne  
acce le ra t ion ,  bu t  the t u r b i n e  i n l e t  temperature i s  kept w i t h i n  a  reasonable 
l i m i t .  The t u rb i ne  i n l e t  temperature w i l l  drop i f  the hydrogen f low c o n t r o l  
va lve opens w i thou t  the oxygen f l o w  c o n t r o l  va lve moving. The energy a v a i l a b l e  
w i t h  t h i s  f a i l u r e  i s  less  than the  energy w i t h  bo th  valves openins, bu t  the  
t u rb i ne  w i l l  s t i l l  s t a r t  t o  acce lerate .  
The hydrogen f low con t ro l  va lve I s  designed t o  r e t u r n  t o  h a l f  s t r oke  
under loss o f  e l e c t r i c a ,  power. The va lve uses a dual-wound torque motor as 
the prime mover. Each o f  the c o i l s  i s  d r i ven  separa te ly ;  however, i f  one c o i l  
opens, the o t h e r  c o i l  can d r i v e  the va lve  f rom less than 25 percent s t r o k e  t o  
more than 75 percent s t roke .  Thus, an irroperable va lve  i s  no t  a  complete 
f a i l u r e .  Under c e r t a i n  circumstances i t  may permi t  l i m i t e d  o r  even f u l l  
u t i l i z a t i o n  o f  the system. 
I f  the  oxygen va lve  i s  a l s o  d r i ven  c losed when t he  hydrogen v a l v e  i s  
d r i ven  f u l l  closed, the flame goes out  and the  t u rb i ne  decelerates.  I f  the 
hydrogen va lve  i s  d r i ven  c lcsed  and the  oxygen va l ve  remains i n  the  l a s t  pos i -  
t i on ,  the combustor w i l l  be1:one oxygen r i c h  and the  t u r b i n e  i n l e t  temperature 
w i l l  exceed maximum a l lowab le  temperature as the  m ix tu re  passes t h r o ~ ~ h  
s to i ch i ome t r i c .  
Oxygen f low c o n t r o l  va lve:  The temperature w i l l  r i s e  and the t u rb i ne  w i l l  
s t a r t  t o  acce le ra te  i f  the oxygen f l o w  con t ro l  va l ve  becomes f u l l y  opened. The 
oppos i te  occurs i f  the va lve  i s  closed, 
Preheater bypass va lve:  l'he preheater bypass va l ve  and the preheater 
se r i es  va l ve  should  be considered a t  the same t i m q .  The c o n t r o l  i s  mechanized 
so t h a t  the va l ve  areas a re  complementary. For t t ie f i r s t  f a i  l u r e  c h a r a c t e r i s t i c s ,  
the  valves a re  assumed opera t ing  i n  a complementary fash ion and the command 
i s  erroneous. I f  the preheater bypass va lve  i s  f u l l y  opened, the hydrosen 
en te r i ng  the lube o i l  coo ler  and the hyd rau l i c  o i l  coo ler  w i l l  drop. Th is  
may cause the v i s c o s i t y  o f  the lube o i  1 t o  become h igh  enough t o  t r i p  the 
lube o i l  overpressure swi tch.  i f  the overpressure does no t  t r i p  before zone 
congealing i n  the o i l  coo ler ,  the lube o i l  temperature w i l l  s t a r t  t o  r i s e .  
Th i s  i s  oecause the remain ing area i n  the coo le r  becomes smal l  enough and the  
boundary layer  becomes v i s c ~ u s  enough t h a t  the pr imary f l ow  does no t  have a 
chance t o  t r ans fe r  the heat. As a r e s u l t ,  the lube o i l  w i l l  become 
excess i ve 1 y hot .  
When the preheater bypass va l ve  i s  f u l  l y  closed, the hydrogen temperature 
i n t o  the hydraul  i c  o i l  coo ler  and the lube o i l  coo ler  w i l l  increase. 
Recuperator bypass va lve:  The recuperator  bypass and recuperator se r i es  
valves a re  complementary-coupled i n  a s i m i  l a r  manner t o  the  preheater bypass 
va lve.  When the recuperator bypass valves a re  commanded f u l l  -open o r  f u  1 l- 
closed, the temperature equa l i ze r  d r i f t s  down o r  up, r espec t i ve l y .  The 
sys tem moni tor ing i s  not  s e t  up t o  detect  t h i s  temperature d r i f t .  However, 
the temperature change i s  slow enough t o  a1 low an operator  t o  de tec t  the 
cond i t i on  and shut  down the system. Over most o f  the opera t ing  range o f  
the APU, the f u l l  c losure  o f  the  recuperator bypass va lve would no t  r e s u l t  i n  
damage t o  the system hardware. At  no t ime would the  complete loss o f  recupera- 
t ion (recuperator bypass va lve  f u l  l y  open) r esu l  t i n  hardware damage. 
Monopole f a i  l u r e :  The monopole i s  used as a speed sensor. I f  the sensor 
were shorted, the s i gna l  l e ve l  would drop below the l eve l  o f  d e t e c t a b i l i t y  by 
the con t ro l .  I f  t h i s  were t o  happen t o  t he  overspeed p r o t e c t  ion sensor, i t  
would shut down the system as an underspeed. I f  the con t ro l  sensor were t o  
f a i l ,  then the  con t ro l  would a l low the t u r b i n e  t o  overspeed and shut down. 
Another f a i l u r e  would Gccur when the s i gna l  pa th  opens; t h i s  type o f  f a i l u r e  
i s  monitored and w i l l  cause a shutdown. 
Pressure sensor: The pressure sensor i s  no t  needed f o r  normal con t ro l ,  
bu t  i s  used f o r  t u rb i ne  c a l i b r a t i o n .  I f  the pressure sensor erroneously 
ind icates an overpressure,  t u rb i ne  power w i l l  be l o s t  and the t u rb i ne  w i i l  
underspeed. I f  the pressure sensor erroneously ind ica tes  t h a t  the pressure i s  
zero, the system pressure c o n t r o l  w i l l  no t  func t ion .  This would r e s u l t  i n  the 
APU opera t ing  i n  the same manner as when the pressure con t ro l  s e t  p o i n t  i s  
500 ps i . 
Temperature sensors - The c r i t i c a l  temperature c o n t r o l  f o r  the APU i s  the 
t u rb i ne  i n l e t  temperature. This temperature i s  meascred us ing redundant tem- 
e perature sensors. The moni t o r  i s  designed t o  shut  down the system i f  one o f  
the f o l  lowing cond r ions  occurs : ( I )  the d i f f e rence  between the two sensols 0 i s  g rea te r  than 58 , (2)  the overtemperature sensor ind ica tes  a temperature 
g rea te r  than 199OOR, (3)  the frequency compensaied temperature ou tpu t  i s  
g rea te r  than 2060 R. 
Power supply: Power i s  obtained from the f a c i l i t y  power source. Loss of 
f a c i l i t y  power resu l t s  i n  loss o f  the shutdown logic ,  dhich p o s i t i o r s  the sys- 
tem va lves as f o l  lows : 
Valve 
-
Pos i t  ion 
Hydrogen shu to f f  va lve Closed 
Oxygen shuto f f  va lve C 1 x e d  
Oxygen dump valve Open 
Y y  Arogen f low con t r o  1 va lve Mid pos i t  ion 
Oxyaen f low contro l  va lve Minimum stop (mechanical) 
A l  l hydrogen bypass and ser ies Last pos i t  ion 
valves 
The pos i t i on  o f  the f low cont ro l  valves during loss c '  f a c i l  i t y  power w i l l  
cause the turb ine i n l e t  temperature t o  drop. The oxygen dump va lve  prevents 
the gas mixture i n  the combustor from becoming oxygen r i c h  as propel lants 
empty from the system. T l~e  oxygen check valve prevents the combustion products 
(especial l y  hydrogen) from f lowing back i n t o  the oxygen accumulator. 
System Valve Speci f icat ions 
The valve spec i f i ca t ions  resu l t i ng  from the pre l iminary design sysrew. 
are presented here artd are appl icable t:, both the reference sys tsm and tss t 
system valves. Specif icat ions are presented f o r :  
(1) Hydrogen bypass valve 
(2) Oxygen pressure regulator  
(3) Hydrogen flow cont ro l  valve 
(4)  Oxygen flow contro l  valve 
Reference Sys tern Valve Spec1 f i ca t ions  
: 
ii'lDROGEN BYPASS VALVE REQUIREMENTS HB- I 
General 
I 
I t  i s  the purpose o f  t h i s  document t o  define the requirements o f  the hydrogen 
bypass valve fo r  NASA approval and valve and data orocurement. i 
k s c r i ~ t i o n  
The valve sha l l  be a b u t t e r f l y  type valve which i s  used t o  bypass the pre- j 4- 
1 heater and recuperator heat exchangers. The valve elemn: sha l l  be  drive^ by an t 
ava i lab le  torque motor. A LVDT o r  RVDT sha' l  be incorporated i n  the design f o r  a 
E pos i t i ve  feedback. The valve sh;.ll tend t o  f a i l  closed upon loss o f  power. The 
hardware shal l be developed i n  accordant * d i  t h  "research" requi relnents o f  Garrett  f 
i 
Operational Procedure 10.6. 
Data Rewrirements 
A design schedule i s  rzquired p r i o r  t o  au thor iza t ion  t o  proceed w i t h  design. a 
This schedule sl;ould gibe s d f i c i e n t  v i s i b l l i t v  t o  show major design a c t i v i t i e s .  
Percent c o m p l e t i ~ n  and t c r  mica1 status reports w i l l  be required b.f <he end o f  4 
each mnth.  A sc;ledule o f  planned w-pendi tures and actual  rtxpendi tures w i  I 1  a lso  F 
be required tw ,+hly. IJpcn completion o f  the design a complete set o f  drawings, 
and a design development descr ipt ion o u t l i n i n g  the design and fu ture  a c t i v i t i e s  
(i.e., s t ress and performance analysis, development plan, t e s t  plan, an t ic ipa ted i: 
problems, f ab r i ca t i on  and development schedule, estimate t o  complete and planned 
expcn~ i rures  vs. time), sha l l  be requlred p r i o r  t o  authorizat ion t o  proceed w i t h  
f ab r i ca t i on  and development. 
Upon author izat ion t o  proceed w i t h  fabr icat ion,  monthly report ing w i l l  be re- 
qi l i  red as described above. A developmsnt log  book w i  1 l be prepared as the hard- 
ware i s  fabricated, inspected, and tested. A l l  pertinent e n ~ i n e e r i n g  ~.ezcrds (i.o., 
inspection o f  c r i t i c a l  dimensions by Q.C., rework a c t i v i t y ,  assembly :.ates, and 
tes t  data), sha l l  be recorded i n  t h i s  log  book f o r  u l t lmato  del i very  t o  NASA. 
C r i t i c a l  dimensions w i l l  be defined by AtRosearch and approved by USA. An i r , f o r m l  
t es t  report showing compliance w i t h  ?nd deviat ion from the valve . : i f i c d t i o n  sha;l 
be submitted separately. Valve performance tes t  sha l l  be co;:dur ,+J , i t tL a i r  (?:I?- 
temperature and 1350'~). 
Hardware Requ i rements 
Four funct lonal valves are required fo r  APU-T system test .  Long lead t lw and 
c r i t i c a l  de ta i l s  should be fabr icated o r  ordered i n  su:.f i c  i eo t  quant i t \  so as t o  
meet the requirements o f  the sched~le.  
APU-T HYDROGEN BYPASS VALVE SPECIFICATION HE-2 
General Requi rements 
Line s ize  = 1.0 in. 0.0. 
E lec t r ica l  r e q u i r k n t s ,  TBD by ava i lab le  parts 
External leakage: Lab. Std. pract ice (MU t o  check scan we) 
Valve s t a b i l i t y  -- consistent w i th  operation over the ant ic ipa ted r a . i a  
w i  thcut  undesii-able o s c ? l  lat icns. 
I 
I Lesiqn Conditions 
haximum design pressure, psia 
Design ambient pressure, ps i a  
Proof pressure, ps i a  
Maxi mum des i gn temp. , OR 
itinimum desisn L ~ D . ,  OR 
Perforvance Requi rements 
+"Maximum flaw, Ib/min 
Delta P, ps i  
+NOTE: P new requi rement -- previous maximun temperatera was , 0 7 5 ~ ~ .  
Tnmperature, OR 
Pressure in, ps?a 
pressure out, ps ia 
CA (reference), in.' 
+Minimu!n f lw, Ib/min 
D e l t a .  ns i  
Pressure in, ps ia 
cond i t ion mum operating pos i t ion. 
L i fe :  iWO Hours 
I 
EQUIVALENT AIR 
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APU-T OXYGEN PRESSURE REGULATOR VAI.VE REQUIREMENTS 
General 
I t  i s  the purpose o f  t h i s  dacument t o  define the requirements of the 
oxygen Pressure ~-egulator  valve for NAS4 approval and (alve and data procure- 
ment. 
D e s c r ~ p t i o n  
The valve sha l l  be a pneirmatically actuated, d i f f e r e n t i a l  pressure regulator. 
I t s  funct ion i s  t o  regulate oxygen from the equal i ze r  t o  the oxyger. contro l  
valve. The design sha l l  include provisions t o  orevent the o u t l e t  pressure frm 
exceeding the speci f ied mwirnum value dur ing fouled or f a i l e d  <onditions. The 
ha-dware chal l be dew loped i n  accordance w i  t h  "research" requi rcmn:s o f  
Garret t  Opsrat ional Procedure 10.6. 
Data Requ i r c  nents 
A design schedule i s  required p r i o r  t o  au thor iza t ion  t o  proceed w i t h  design. 
This schedule s h ~ u l d  give s u f f i c i e n t  v i s i b i l i t y  t o  shod major design a c t i v i t i e s .  
Percent completion and technical stat i is reports w i l l  be required by the end of 
each month. A schedule o f  planned expenditures ?nd actual  expenditures w i  I 1  
a l so  be required monthly. tiprjn completion o f  the design 3 complete se t  of 
drawings, and a design development descr ip t ion  o u t l i n i n g  the design and future 
a c t i v i t i e s  (i.e., s t ress and performance analysis, development plan, t e s t  plan, 
an t ic ipa ted problems, f ab r i ca t i on  and development schedule, est imate t o  complete 
and planned expenditures vs. time), shal I be requi rod p r i o r  t o  au thor iza t ion  t o  
proceed w i t h  f ab r i ca t i on  and development. 
Upon author izat ion t o  proceed w i t h  fabr ica t ion ,  monthly repor t ing  w i l l  be re -  
qui red as described above. A development log  book rr i  11  be prepared as the hard- 
ware i s  fabricated, inspected, an0 tested. A 1  l per t inent  e ~ g i n e e r i n g  records (i. e., 
inspection o f  c r i t i c a l  dimensions by Q.C., rework a c t i v i t y ,  assembly notec and t e s t  
data), sha l l  be recorded i n  t h i s  l o g  book f o r  u l t imate  de l ivery  t o  NASA. C r i t i c a l  
dirne~sions w i l l  be defined by AiRcsearch and approved by NASA. An informal t es t  re- 
p r t  showing compliance w i t h  and deviat ion from the valve spec i f i ca t i on  sha l l  be sub- 
m i t t ed  separately. Valve performance tes t  sha l l  be conducted w i t h  a i r  (room temp- 
erature and 750°f?), w i t h  an i n l e t  pressbre o f  900 psia. 
Hardware Requirements 
THO funct ional valves are required fo r  APU-T system tes t .  Lono lead f irne and 
c r i t i c a l  d e t a i l s  should be fabr icated o r  ordered i n  s u f f i c i e n t  quant i ty  so as t o  
reet the requirements o f  the schedule. 
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REGULATOR VALVE SPECIFICATION 
Des i gn Cond i t i ons 
Maximum design i n l e t  pressure, ps ia  
Maximum design o u t l e t  pressure, ps ia  
Design ambient pressure, psi a 
Proof pressure, ps i  a 
Maximum C-si gn temperature, OR 
Minimum design temperature, OR 
Performa; ,e Requ i remener 
Regulated o u t l e t  pressure - ps ig  
Maximum t ,cw, Ib/min ( r e f )  
I n l e t  pressure, ps ia 
Temperature - OR 
CA ( reference), in. 
Minimum flow, lb/min ( r e f )  
I n l e t  pressure, ps ia  
Temperature - OR 
CA (reference), in. 
Response Time 100 MS 
L i f e  1000 hours 
General Requi rements 
L ine s i ze  = 1/2 in. OD 
External Leakage: Lab standard p rac t i ce  a t  AiResearch 
(NASA t o  check t o  loe6 scun He) 
Valve s t a b i l i t y :  Consistent with operat ion over the ant ic ipa ted 
ra!?3e .;:I thcr;: Ui;Lesi r - d ~ i e  osci 1 l a t  ions 
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APU-T HYDROGEN CONTROL VALVE REQUIREHENTS 
General 
I t  i s  the purpose o f  t h i s  document t o  def ine the requirements o f  the hydrogen 
cont ro l  valve f o r  NASA approval and valve and data procurement. 
Descript ion 
The valve sha l l  be a balanced poppet design which i s  e l e c t r i c a l l y  l i n i z d  tu 
the oxygen cont ro l  valve i n  the e lec t ron i c  APU-T contro l .  The valve element s h a l l  
be dr iven by an avai lable dry-type l inear  displacement torque motor. A LVDT sha l l  
be incorporated i n  the d e s i g ~  for pos i t i ve  feedback. The valve sha l l  f a i l  open 
upon loss of power. A inechanicai stop sha l l  be provided t o  prevcnt f u l l  c losure 
of the valve. The hardware sha l l  be developed i n  accordance w i th  "research" 
requi rements o f  Garrett  Operational Procedure 10.6. 
Data Requirements 
A design schedule i s  required p r i o r  t o  au thor iza t ion  t o  proceed w i th  design. 
This schedule should g ive s u f f i c i e n t  v i s i b i l i t y  t o  show major design a c t i v i t i e s .  
Percent completion and technical s tatus reports w i l l  be required by the end o f  
each month. A schedule o f  planned expenditures and actual  expenditures d i l l  a lso  
be required monthly. Upon canplet ion o f  the design a complete set o f  drawings, 
and a design development descr ip t ion  o u t l i n i n g  the design and fu tu re  a c t i v i t i e s  
(i.e., s t ress and performance analysis, development plan, t es t  plan, an t ic ipa ted 
problems, f ab r i ca t i on  and development schedule, estimate t o  complete and pianned 
expenditures vs time), shal l be required p r i o r  t o  au thor iza t ion  t o  proceed w i t h  
f abr i cat i or  and development . 
Upon author izat ion t o  proceed w i t h  fabricat ion, monthly repor t ing  w i  11  be 
requi red as dgscri  bed above. A development l og  book wi 1 1 be prepsred as the 
hardware i s  fabricated, inspected, and tested. A l l  per t inent  engineering rzcords 
( i  .e., inspectiot l  o; c r ~  c ica l  dimensions by Q.C. ,  rework ac t i v i t y ,  assembly notes, 
snd t e s t  data), sha l l  be recorded i n  t h i s  l og  book f o r  u l t ima te  de l i ve ry  t o  NASA. 
C r i t i c a l  dimensions wi I 1  be defined by AiHesearch and approved by NASA. An in-  
formal t es t  report  showing compliance w i t h  and deviat ion from the valve s p e c i f i -  
ca t ion  sha l l  be submitted separately. Valve performance t e s t  sha l l  be conducted 
w i t h  a i r  (room temperature and 750°~ j ,  w i t h  a choked nozzle ( e f f e c t i v e  srea = 
2 0.0655 in. ), downstream o f  the valve. 
jjardware Reau i remenu 
One funct ional  valve i s  required f o r  APU-T system test .  L.ocg lead time 
and c r i t i c z l  de ta i l s  should be fabr icated o r  ordered i n  s u f f i c i e n t  quant i ty  
so as t o  m e t  f.he requirements o f  the schedule. 
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j Desiqn Conditions 
t Maximum design prscsure, psia 
Oes i gn airhient pressure, ps i a  0- 15 
1 Proof pressure, psi  a 
I 
900 
t Maximum design temperature, OR 900 
1 Minimum design temperature, OR 400 
i Maximum system test  temperature, OR , T t 3 p  , 
! Performance Requi rements 
Maximum flow, Ib/mi n ( reference) 
Delta P, psi, max. 
Temperature, OR 
1 Pressure in, psia 
1 
Pressure out, psia 
Ch* ( reference), i n. 2 
Minimum flow, I b/mi n (reference) 
I Delta PJ psi, min. 
I Pressure in, psia I Pressure out, psia 
CM (reference), in. 2 
I LVDT resolution k0.5 percent NOTE: See out le t  pressure and I i Response time = 40 ms from min.-to-max. colrd i t i on temperature and measure AP a t  minimum and maxi,wm I I 
I opcrat ing posi cion. 
7 
Life: 1000 hours 
- I 
&nerd I Reau i r m n t s  
Line size = l.C in. OD 
Fechanical stops: 
2 Fu l l  open, Reference CA = 0.1050 in. (110 percent of maximuin operating) 
Ful l close, Referena CA = 0.0030 in.2 (75 percent of  min inm operating) 
E lect r ica l  requiremnts: TBD by availabyr parts. 
External leakage: Lab standara pract ice a t  AIResearch (NASA t o  check t c  
lom6 s c m  He) 
Valve S tab i l i t y :  Consistent wi th  operatlon over the anticipated range 
without r.. ;~s I rab la  osci 1 Iatfons. 
* Actual CA var ia t ion vs LVDT posi t ion sha l l  be l inear to  w i th in  k5$. 
* A system test  case not a design requirement, max. valve w i l l  take 
f o r  l imi ted testing. 
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APU-T OXYGEN CONTROL VALVE REQUIREHENTS 
General 
I t  i s  the purpose o f  t h i s  document t o  def ine the requi rements o f  the oxygen 
cont ro l  valve fo r  RASA approval and valve and data procurements. 
Descript ion 
The valve sha l l  be a balanced poppet design which i s  e l e c t r i c a l l y  l inked t o  
the hydrogen contro l  valve i n  the e lec t ron ic  APU-T contro l .  The valve element 
sha l l  be dr iven by an avai lable dry-type l inear  displacement torque motor. A L V D i  
sha l l  be incorporated i n  the design f o r  p o s i t i v e  feedback. The valve sha l l  f a i l  
closed upon loss of power. A mechanical stop sha l l  be provided t o  prevent F u l l  
closure o f  the valve. The hardware shal l be developed i n  accordance w i t h  "research" 
requirements o f  Garrett  Operational Procedure i0.6. 
Data Requirements 
A design schedule i s  required p r i a r  t o  a u t h o r ~ z a t i o n  t o  proceed w i t h  design. 
This schedule shculd g ive s u f f i c i e n t  v i s i b i l i t y  t o  show major design a c t i v i t i e s .  
Percent completioq and technical s tatus reports x i i i  be required by the end o f  
each month. A schedule o f  planned expenditures and actual expenditures w i l l  a lso 
be required monthly. Upon completio8> o f  the design a complete set  o f  d rz~ ings ,  and 
a design and development descr ip t ion  o u t l i n i n g  the design and fu ture  a c t i v i t i e s  
( i .e., s t r -ss and performance analysis, development plan, t es t  plan, an t i  cipated 
problems, f ab r i ca t i on  and development schedule, estimate t o  completeand planned 
expenditures vs time), shal; be required p r i o r  i" Luthor iza t ion  t o  proceed w i  t h  
f ab r i ca t i cn  and development. 
Upon author izat ion t o  proceed w i t h  fabr icat ion,  monthly repor t ing  w i  1 l be 
requi red as described above. A development log book w i  1 1 be preparzd as the 
hardware i s  fabricated, inspected, and tested. A l l  per t inent  e n ~ l n e e r i n g  records 
(i.e., inspection o f  c r i t i c a l  dimensions by 0.. C., rework ac t i v i t y ,  assembly notes 
and tes t  data), sha l l  be recorded i n  t h i s  log book f o r  ultiindti', ds l i ve ry  t a  #ASA. 
C r i t i c a l  dimensions w i l l  be defined by AIResearch and appt-oved by NASA. An in -  
formal t es t  report showing cmpl iancc  w i t h  the dev ia t ion  from the valve s p e c i f i -  
cat ion shal l be submi t t ? d  separate1 y. Valve performance t e s t  shal l be anducted 
w i t h  a i r  (room temperature and 750°F), w i t h  a choked nozzle ( e f f e c t i v e  area = 
2 0.0109 in. 1 ,  downstream o f  the valve. 
Hardware Requirements 
One funct ional  valve i s  required f o r  APU-T system test .  Lorglead time 
and c r i t i c a l  de ta i l s  should be fabr icated or ordered i n  5u f f i c i e r . t  quanti!; so 
as t o  meet the requirements o f  the schedule. 
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02 CONTROL VALVE SPECIFICATION 
i EQUIVALENT A I R  -~ 1 I i 02 i 750°R 5 2 0 ' ~  I 
Desiqn Conditions I \ \ I Maximum design prezsure, ps ia  I 60C I I \ i Design ambient pressure, ps ia  I 0-15 , \ \ 1 
' \ ,  
" . 
Proof pressure, ps i  a 1 1350 1 '~\ 
i i '. Minimum design temperature, OR 1 400 '\ 
Maxi mum des i gn temperature, OR 
L - - - - - - - - - - - - - - -- 
i 90, \ '\ I -3 
, Perforivance Requi rernents 
Maximum flow, lb/mi n (reference) 6.62 5.98 7.50 I 61.8 Delta P: psi, max. I i 62.8 62.6 ! 
Temperature, OR 1 663 7 50 / 520 I ! 
532 I 532 Pressure in, ps ia  1 ::: 4 69 1 469 ! Pressure out, ps ia  I 
I 
i 
2 I CA* ( reference), in. 9.0135 0.0135 ; 0.0135 I I 
Minimum flow, l t /m in  (reference) 1 0.454 0.433 ' 0.544 I 1 
Delta P, psi, min. ' 536 
I Temperature, OR 
! 
Pressure in, ps ia 
Pressure ou?, ps ia  
I 
I I 
! CA1t (reference), in. i. 
i------ 0.00065 --- - i 
LVDT reso lu t ion  t0.5 percent NOTE: Set o u t l e t  pressyre and 
Response t ime = 40 ms from mi n. - to- temperature and measure 
max. condi t ion AP a t  minimum and maximum I L i fe :  1000 tiours operat ing posi t ion.  ! 
General Rcqu! rements 
Line s ize = 1/2 i n .  OD 
Mechani ca l stops : 
2 F u l l  opei, Reference CA = 0.0145 in. (107.5 percent o f  rmximum operat ing) 
2 F u l l  close, Reference C A  = 0.0004 in. (62 percent o f  minimum operating) 
E lu -c t r i ca l  requi raments: TBD by ava i lab le  parts. 
External leakage: Lab standard prac t ice  a t  AiResearch (NASA to  check t o  
10-6 sccm tie) 
Valve s tsb i  1 i ty: Consistent w i t h  operat ion over the ant ic ipa ted range 
kvithout undesirable osc i l l a t i ons .  
Actual CA va r i a t i on  versus LVDT pos i t i on  sha l l  be l inear  t o  w i t h i n  k5 percent. 
Sys tem Valve Des i gn 
The APU-T system valves inc lude the f o l l o w i n g :  
a Four i d e n t i c a l  hydrogen bypass valves 
Two i d e n t i c a l  oxygenpressure regula tors  
a A hydrogen f l ow  con t ro l  valve 
Anoxygen f low con t ro l  valve 
A l l  bu t  +he oxygen regu la to r  a re  c o n t r o l l e d  by e l e c t r i c a l  signa!s from the 
APU-T c o n t r o l l e r .  The valves a re  desiyned to conform t o  re ference system 
spec i f i ca t i ons  as a  minimum b u t  are no t  f l i g h t  weight.  
Hydrogen bypass va l  ve.--The f unc t i on  and a d e s c r i p t i o n  o f  the hydrogen 
bypass valve are presented below. 
Funct ion:  The four  i d e n t i c a l  hydrogen bypass valves i n  the system operate 
i n  response t o  e l e c t r i c a l  d r i v e  s iana ls  from the system c o n t r o l l e r .  TWO o f  
the valves con t ro l  bypass f low around the recuperator,  and two o f  the valves 
con t ro l  bypass f low around the preheater.  The bypass f low around these two 
heat exchangers i s  v a r i e d  as requi  red t o  con t ro l  hydrogen temperature a t  the 
combustor i n l e t  and a t  the i n l e t s  t o  the h y d r a u l i c  and lube o i l  coo lers .  
Descr ip t ion :  The bas i c  components o f  the bypass va lve  (see f i g .  4-14) 
are (1) a  f l a t - p l a t e  b u t t e r f l y  va lve and s h a f t  (2) a  dc, dry- type,  r o t a r y  
displacement torque motor ( I n l and  Motor D i v i s i o n ,  Kol lmorgen Corporat ion 
PN NT-2943B, ra ted  a t  0.90 l b - f t ,  77 w ) ,  and (3) a r o ta r y  v a r i a b l e  d isp lace-  
ment t ransformer (RVDT) (Schaevi t z  Engineer ing PN ~ 3 0 ~ ) .  The va lve has been 
des i gned t o  meet the requ i ;emen t s  o f  the bypass va l  ve speci f i ca: ion.  Average 
power corsumption o f  the iorque motor wi 11 be approximately 10 w.  
The valve modulates hydrogen f low by r o t a t i o n  o f  a  c i r c u l a r  f l a t  p l a t e  i n  
the f l ow duct. The p l a t e  i s  a t tached t o  a  sha f t  t h a t  Is connected t o  the 
torque motor. Appl i c a t i o n  o f  cu r ren t  t o  the torque motor causes the va lve t o  
move toward open. With increas ing cu r ren t ,  the  va lve w i l l  cont inue t o  open, 
w i t h  the t r a v e l  l i m i t e d  t o  80 deg by a  mechanical stap. I n  t he  c losed p o s i t i o n ,  
the valve does no t  seal l e a k - t i g h t .  
B u t t e r f l y  va lve  p l a t e  
Figure 4-14.- -H2 Bypass Valve. 
f o r  use on t i le cu r ren t  APU-T be ing b u i l t  f o r  l abora to ry  t es t i ng .  I n  a f l i g h t -  
type design, i t  i s  ant  i c ~ p a t e d  t h a t  a c t i v e  cool ing ( poss ib l y  incoming cryogenic 
hydrogen) would be used t o  p ro tec t  the torque motor and RVDT. 
To prevent H leakage along t he  va lve s h a f t ,  redundant seals a re  2 
inc luded a t  the upper elid o f  the  s h a f t  (near the torque motor ) .  A p o r t  i s  
provided i n  the va lve body f o r  checking and v e n t i ~ l g  any hydrogen leakage t h a t  
might ge t  past the r e d u n d a ~ t  sea ls .  A s i n g l e  seal i s  included between the  
F J r t  and torque motor. 
I n  the cu r ren t  APU-T, two-valves a re  used f o r  each o f  the heat exchdnger 
bypass c i r c u i t s :  one i n  se r ies  w i t h  the heat zxchanger and one i n  p a r a l l e l .  
As one va lve opens t he  o the r  c loses.  I n  a F l i g h t - t y p e  design, each p a i r  
o f  valves would be replaced by a t h reeway  modulat ing va lve.  
Oxygen pressure regulator.--The f unc t i on  and a d e s c r i p t i o n  o f  the 
oxygen pressure r egu la to r  a rT? resen ted  below. 
4 Funct ion:  The oxygen regu la to r  regulates oxygen pressure a t  the i n l e t  
t o  the combus t o r .  
Descr ip t ion :  I n  the oxygen pressure r eyu la to r ,  a ceramic ba l l -poppet  
valve i s  pos i t i oned  by a c a l i b r a t i o n  s p r i n g  and d i f f e r e n t i a l  pressure a c t i n g  
on a be1 lows ac tua to r  (see f i g .  4-15). The regu la i o r  has been designed t o  
meet the requirements o f  the oxygen regu la to r  s p e c i f i c a t i o n .  
The regu la to r  i s  normal l y  f u l l  -open. As downstream pressure reaches t he  
regu la t i on  band, the  downstream pressure, which i s  vented t o  one s i d e  o f  the 
bel lows ac tua to r ,  overcomes an opposing load due t o  the c a l i b r a t i o n  sp r i ng  
p lus ambient pressure a c t i n g  on the o the r  s i d e  o f  t h e  ac tua to r .  The ac tua to r  
moves and al lows a sp r ing  t c  move t h e  ba l l -poppe t  toward t h e  c losed p o s i t i o n .  
The balance o f  forces--dawnstream pressure on one s i d e  o f  the  ac tua to r  and 
the ca l  i b r a t  ion sp r i ng  and ambient p~.essure on the  other- -mainta ins t he  poppet 
p o s i t i o n  requi red f o r  r egu la t i on .  
To achieve s tab le  operat ion,  the downstream pressure i s  sensed a t  a p o i n t  
apprnxim~te!y 4-1 /4  i n .  d w ~ s t r e a m  c f  the pcppet ins tead o f  a t  a poi i? t  clvje 
t o  t h e  poppet. I f  pressure were sensed i n  t h e  area c lose  t o  the poppet valve 
discharge, Flow turbu lence could  cause undes i rab le  presFure f l u c t u a t i o n s .  
A1 though an o r i f i c e  i n  the sensing passage would dampen f l uc tua t i ons ,  i t  would 
increase response t ime. The design does inc lude  a sensing psssage i n  the va lve  
body immediately downstream o f  the poppet. However, t h i s  ptlsage w i l l  be sealed 
w i t h  a plug, which, i f  necessary a t  some f u t u r e  t ime, cou ld  be modi f ied by 
e d r i l l i n g  an o r i f i c e .  I  
A por t  i s  provided on the top o f  the va lve body f o r  connect ing the i i 
regu la to r  t o  ambient. I f  oxygen i n t e r n a l  leakage should occur,  i t  would be 
ducted overboard ( t o  ambient) .  i I. 
Figure 4-15.--Oxygen Pressure Regulator. 
4-32 
Two ident ica l  regulators w i l l  be connected i n  ser ies,  w i th  the dowr~stream 
regulator se t  50 ps i  higher than the other.  The downstream u n i t ,  therefore, 
protects against an open f a i l u r e  o f  the prime u n i t  without i n t e r f e r i n g  wit-h 
normal regulat ion. 
Hydrogen f low contro l  valve.--The funct ion and a descr ipt ion o f  tt,e 
h.id,-ogen flaw con t 1-01 valve  a r e  prebet~ted be low. 
Function: The hydrogen cont ro l  valve modulates hydrogen flow to the 
combustor i n  response to  e l e c t r i c a l  cont ro l  s igna ls ,  and maintains constant 
turbine soeed under varying APU loads and system condit ions. 
Descript ion: The basic components o f  the hydrogen flow contro l  valve 
( f i g .  4-16) arc ( I )  a dual-poppet assembly, (2) a dc, dry-type l i nea r  d i s -  
placement torque motor ( ~ e r v o t r o n i c s  PN 99-~0202) ,  and ( 3 )  a l i nea r  var iab le  
displacement transfcrmer (LVDT) (5chaevitz Engineering Type 050 MR).  The 
valve has been designed t o  meet the requi rements o f  the hydrogen f low contro l  
valve spec i f i ca t i on .  
E l e c t r i c a l  input signals from the contro l  are appl ied t o  the torque 
metor, ~ h i c h  i s  connected t o  one end o f  a p ivoted lever. The o p p s i t e  end o f  
the lever i s  attached t o  the poppet valve sha f t  on which dual poppets a re  
111oun ted. 
The normal (deenergized) p o s i t  ion o f  the torque motor output shaf t  i s  
held a t  the midstroke pos i t i on  o f  the torque mcior by a h igh springerate 
torque tube i n  t i le motcr, This pos i t i on  corresponds t o  the midstroke of  the 
poppet valves. Upon appl i c a t  ion o f  po la r ized current  (corresponding to  a 
"close valve" s ignal )  t o  the torque motor, the valve poppets are forced 
against the poppet spr ing toward the closed posit ion. As current i s  increased, 
poppet movement c o n t i n u ~ s  u n t i l  the poppet sha f t  i s  against a mechanical stop 
(valve nearly closed). As current  i s  decreased, the valve moves back toward 
the cent ra l  posi t ion.  A change i n  torque motor p o l a r i t y  dr ives the poppets 
toward the fu l l -open posi t ion.  This motinn i s  ass is tod by the poppet spring. 
Poppet arrangement on a comnon shaf t  provides pressure force balancing 
to  minimize power requirements o f  the ac tua t ing  torque motcr. Because o f  the 
large f low area o f  the hydrogen contro l  valve, a v e l o c i t y  e f f e c t  occurs tha t  
unbalances the poppets toward the closed posi t ion.  To restore poppet balance, 
a de f lec tor  i s  mounted i n  the discharge path o f  one poppet t o  react w i t h  . Icw 
forces. 
Poppet pos i t i on  i s  fed back t o  the contro l  c i r c u i t r v  by means of  a 1,00-Hz 
LVDT. The LVDT case i s  attached t o  the valve . e  and the movable core i s  
threaded t o  the poppet shaf t .  The pos i t i on  of  ihe poppet is  thus regis tered 
w i th in  the contro l  l og i c  f o r  contro l  monitor ing. 
A t  the suggestion of NASA, gold p l a t i n g  i s  spec i f ied  fo r  the rubbing 
surfaces o f  several parts i c  1 ieu o f  a d ry - f  i l m  l ub r i can t .  The par ts  t o  be 

716 ted  are the p ivo ted  lever  a t  the area o f  contact  w i t h  the sphe r i ca l  nu t  on 
the valve s h a f t ,  the spher i ca l  n : t ,  ar,J the p i n  on which the lever  p i v o t s .  
Gold p l a t i n g  w i l l  be app l ied  i n  accordance w i t h  MIL-G-45204, Type : ,  C l ~ s  2. 
Oxygen f low con t ro l  valve.--The func t ion  and a d ~ s c r i p t i o n  o f  the oxygen 
flow m n t r o l  valve are presented below. 
Function: This valve r~ 1:vlates oxygcn f low t o  the combustor i n  respop-e 
t o  e l e c t r i c a l  c o n t r o l  s i gna l s ,  and maintains t u rb i ne  i n l e t  temperature con- 
s t an t  w i t h  vary ing load 'nd system cond i t i ons .  
Descr ip t ion :  The bas ic  components o f  the oxygen f low c o n t r o l  va lvc  
( f i g .  4-17) are (1) a dual-poppet assembly, (2) a dc, dry- type,  l i n e a r  d i s -  
placement torque motor ( ~ e r v o t r o n i c s  Par t  Number 99-~0201)  , and (3)  an LVDT 
( ~ c h a e v i  t z  Engineer ing Type 053 MHR). The va lve bas been designed t o  meet 
the requi rements o f  the oxygsn f low con t ro l  va lve spec; f i ca t  ion.  
E l e c t r i c a l  input  s i gna l s  from the contro:  a re  i e d  t o  the torque motor, 
whi r3  i s  d i rezt1 . j  coupled t o  the dual poppet va:ve shaft. As torque motor 
cu r ren t  i s  increased from zero, the spr ing- loaded-closed poppet assembly i s  
d isp laced o f f '  i t s  stop. Th is  adn i t s  gaseous oxygen i n t o  the combustor. Gas 
f low increases as cu r ren t  i s  increased u n t i l  the f l o w  reaches a maximum value 
a t  the f u l l  open p o s i t i o n  o f  the dual po;pets. 
Poppet arrangement on a comnon s h a f t  prov ides pressure force ba lanc ing 
t o  minimize po:.er requirements GI' the ac tua t i ng  torque motor. Because o f  t h i s  
bslance e f f e c t ,  the torque motor ou tpu t  d i  r e c t l  y d r i ves  the poppet assernbl y. 
An addi t i r ~ n a l  advantage o f  the dual poppets i s  the 4 igh ga in  r e l a t i o n s h i p  
between the va lve s t roke  and gas flow. I n  t h i s  un i t, where the  rzqu i red f l ow  
i s  minimal, the r e z u l t i n g  sho r t  va lve s t r oke  i s  w i t h i n  the s r roke  c a p a b i l i t y  
o f  the torque motor, and no a d d i t i o n a l  1 inkage i s  -equi red 5etween the d r i v i n g  
and d r i ven  merr,bers. 
Poppet p o s i i i o n  i s  resf ' ~ a c k  t o  the con t ro l  c i r c u i t r y  b.j means o f  a 
400-Hz LVDT. TI e LVDT case i s  a t ta-ned t o  the va lve case, and the movable 
core i s  threaded t o  the  poqpe: sha f t .  The p o s i t ~ o n  o f  the poppet i s  thus 
reg is te red  w i t h i n  the con t ro l  l o g i c  f o r  con t ro l  moni tor ing.  
J 
The torque motor assumes the  c iosed va lve p o s i t r c n  w i t h  zero e l e c t r i c a l  
cu r ren t  input. An a d d i t i o n a l  magnetic c l o s i n g  f o r ce  e x i s t s  a t  the zero cur- 
C 
ren t  cbndi t  ions. The separat.: ?oppet c los i t ,g  sp r i ng  acts  t o  fo rce  t h e  puppets 
closed. Thus, the ox . / =~n  &ontr-: l  valve hds red1,ndalit forces i n  the : los ing 
pas,  t i o n  i n  the  evenc o f  power less. 
* 
A t  NASA sug: s t i o n ,  go ld  p l a t i n g  i s  srec.if::d f o r  the spher i ca l  nu t ,  
which i s  the rubbing sgr face i n  the  connect ion betdeer1 the  torque motor o u t -  
put  and the poppet s h a f t .  The -310  p l a t  ing i s  i :,re:;ded as tl ie l ub r i can t  
and w i  i 1 be appl i ed  i n  accordance w i t h  MI L-G-4526b. Type I , Clcrs 2. 
Out 
Figure 4-17.--Oxygen Flow Control Valve. 
SECTION 5 
TURBINE AND GEARBOX DESIGN 
SECTION 5 
TURBl NE AND GEARBOX DESIGN 
I n  t h i s  sect ion,  t he  aerodynamic design o f  the reference and t e s t  system 
tu rb ine  i s  discussed; the  t u rb i ne  mechanical design i s  presented; t he  t u rb i ne  
thermal analys is  i s  presented; t u rb i ne  s t ress  and dynamics ,-e analyzed; and 
the  design o f  the gearbox i s described. 
Drawing L-208529 shows the  reference t u r b i n e  design layout as i t  ex is ted  
p r i o r  t o  the  design s i m p l i f i c a t i o n s  made t o  the T-system tu rb ine  (581192). 
Tho asrodynamic design i s  t he  same f o r  both. 
I t  was i n i t i a l l y  intended t h a t  the design o f  t he  APU-T t u r b i n e  would 
be the same as the reference system tu rb ine ;  however, f o l  lowing t he  f i n a l  
design review o f  the  t u r b i n e  layout,  i t  became c l e a r  t h a t  the  f a b r i c a t i o n  o f  
t h a t  design would exceed the  al lowed budget. Fur ther ,  t h e  bear ing c a r t r i d g e  
face seal t ha t  seals hydrogen-water vapor m ix tu re  from t h e  bearings would 
requ i re  a normal development w i t h  extens ive t u r b i n e  t e s t i n g  and several  
assembly-disassembly cycles. Too, t he  thermal i s o l a t i o n  package t h a t  reduces 
t .  acceptable l i m i t s  the heat soakback from the t u r b i n e  t o  the  bear ing 
c a r t r i d g e  a f t e r  shutdown requi res some add i t i ona l  normal ~ ~ v e l o p m e n t .  The 
dec is ion  was, therefore,  made t o  design a s i m p l i f i e d  turb ine.  
The thermal and s t ress  ana lys is  were both made f o r  t h e  i n i t i a l  design, 
but  on reevaluat ion showed themselves t o  be v a l i d  f o r  the  rev ised design. 
The major changes from the  reference t o  t e s t  system t u r b i n e  gearbox 
design are as fo l lows:  a n i t r ogen  gas b u f f e r  seal replaces a rubbing seal; 
an a n t i - h e ~ t  soakback thermal b a r r i e r  has been removed; t h e  mounting s t r u c t u r e  
f o r  the t u rb i ne  o f f  the gearbox has been s i m p l i f i e d ,  and the zero-g gearbox 
has been replaced by a more conventional type. The desc r i p t i on  and d iscuss ion 
d i f f e r e n t i a t e s  between these two designs i n  the a f f ec ted  areas. 
Turbi  ne Aerodynamic Desi gn 
The system considerat ions t h a t  se t  the design p o i n t  gas condi t ions and 
perfornlance requirements are presented i n  tab le  5-1. The tu rb i ne  f u l f  i 1 1  ;,ig 
these requ i rements i s  a two-s tage pressure-compounded ax i  a1 - impulse t u r b i  ne. 
I n  the meridianal  f low path layout i l l u s t r a t e d  i n  f i g .  5-1, the gas flows from 
l e f t  t o  r i g h t .  I t expands through the f i  rs t -s tage  nozzles i n t o  the f i r s t  
r o to r ,  and then enters the second-s tage nozzles through an i n t e r s  tage plenum. 
The s i x  f i ~ z t - s t a g e  nozzles are axisyi~wnetric, w h i l e  the second-stage nozzles 
are o f  two-dimensional design. The gas i s  a t  an in termediate pressure when 
en te r i ng  the second-s tage nozzles, where i t  expands again t o  the ou t  l e t  pressure 
l eve l  f lowi ng through the buckets of  the second-s tage wheel. Leaving the wheel , 
the gas enters the discharge plenum through a channel, p rov id i ng  some d i f f u s i o n  





DESIGN POINT CONDITIONS 
f 
Gas: H2/02 combust ion product 
O/F rat io:  0.6 
Gas exponent : Y = 1.357 
Gas constant: R = 455.85 ft- lb/l&OR 
I n l e t  tota l  pressure: P I N  = 390.2 psis 
I n l e t  to ta l  temperature: TIN = 1962.6 OR 
Discharge s t a t i c  pressure: PO* = 18.15 psi. 
Exit  duct area: AEX = 8 sq in. 
Power requ i red: HP = 400 hp 
Shaft speed: N = 63,000 rpm 
Tip Clearance 0.010 i r .  

The design charac ter is t i cs  o f  the turb ine are sumar ized i n  table 5-2 i n  
terms o f  the major geometric parameters of the two stages. The turb ine design 
po in t  ve loc i t y  t r iangles along the mean f low path are shown i n  f i g .  5-2, w i t h  
schematic representations o f  nozzles and buckets. 
The design of  a f i r s t - s tage  nozzle i s  given i n  f i g .  5-30 The nozzle fs  
axisymnetr ic and o f  the conical  supersonic design. An 8-deg cone connects 
the th roa t  w i t h  the e x i t  diameter. The area r a t i o  i s  1.539, which i s  about 
the theore t ica l  value required by a 4.6 pressure r a t i o .  This can be accom- 
p l ished because the f i r s t - s t a g e  pressure r a t i o  remains constant a t  an ove ra l l  
a pressure r a t i o s  o f  about 7.5, as shown i n  f i g .  5-40 
The design o f  the bucket i s  shown i n  f i g .  5-50 This design is  common 
f o r  both stages, and i t  i s  presented a t  the p i t c h  diameter o f  the f i r s t  stage. 
The p ro f  i l e  is  assumed constant along the length o f  the bucket, and the chan- 
nel between blades w i  1 l be divergent about the radius o f  the wheel. The middle 
po in t  o f  the blade radius i s  exact ly rad ia l .  The design o f  the buckets on 
both wheels are i den t i ca l ;  only the outside diameter o f  the dheels i s  trimmed 
to the requi red measurements. The p ro f  i l e  o f  the bucket represerc:s the h i  gh 
Mach number supersonic design, w i t h  the wedge t r a n s i t i o n  i n t o  a constant radius 
turn prov id ing constant supersonic tu rn ing  o f  the flow without the development 
o f  shock f ronts . 
The design o f  the second-stage nozzles i s  shown i n  f i g .  5-6. The 
nozzles are two-dimensional . The p ro f  i l e  shown represents the cross-section 
a t  the p i  tch diameter o f  the second stage. There are 24 nozzle channels. 
Since the flow coming from the f i r s t  stage has considerable ve loc i t y  energy, 
the p r o f i l e s  should al low recovery o f  the major po r t i on  o f  i t .  I t  i s  assumed 
that  50-percen t pressure recovery w i  1 1 occur a t  the entry  of  the nozzles. 
The nozzles are designed f o r  1.10 area r a t i o ,  g i v ing  good performance a t  a 
wide range o f  operat ing condit ions. The r e l a t i v e  pos i t ions  of the f i r s t -  
and second-stage nozzles are shown i n  f i g .  5-7; those posi t ions are important 
t o  secure maximum i n l e t  e f f i c i e n c y .  The ve loc i t y  d i s t r i b u t i o n  on the nozzle 
pressure and suct ion surfaces i s  shown i n  f i g .  5-8. 
Performance o f  Turbine 
To pred ic t  the design p o i n t  and of f -design performance of  t h i s  two-s tage 
ax ia l -  impulse turb ine,  a computer program named TMAP has been used. 
The p r i n tou t  o f  the resu l ts  o f  the computer ca l cu la t i on  f o r  the design 
po in t  performance i s  presented i n  f i g .  5-9. To evaluate the ove ra l l  performance 
capab i l i t i es  o f  the turb ine,  of f -design performance calculat ions have been run 
w i th  the TMAP program. The pressure r a t i o  d i s t r i b u t i o n  between the f i r s t  and 
second stage i s  given i n  f i g .  5-4 as a funct ion o f  ove ra l l  pressure ra t i o ,  
TABLE 5-2 
TURBINE DESIGN PARAMETERS 
I 
Effect ive nozzle throat area, sq in. 
Nozzle e x i t  area, sq in. 
Nozzle type 
No. of nozzles 
Admission, percent 
Bucket height, in. 
Axia l  chord length, in. 
No. o f  blades 
Pi tch diameter, in. 
Nozzle angle, deg 
Bucket i n l e t  angle, deg 
Bucket e x i t  angle, deg 
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Fi rs t rotor Second rotor 
C ,  W ,  and U I n  ft/src 
s-81394 
Figure 5-2.--NASA H2-O2 APU Turb ln  Vmloslty Trlanglms Sea law1 Full 
Power Ihslgn Pofnt. 
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Figure 5-7.--NASA Hi02 APU Turbine Circumferential A1 ign*nt 
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The ove ra l l  e f f i c i e n c y  i s  shown i n  f i g .  5-10 as a funct ion o f  the 
ve loc i t y  r a t i o  (u/c ) a t  several pressure ra t i os ,  and the ove ra l l  e f f i c i e n c y  
0 
as a funct ion o f  ove ra l l  pressure r a t i o  a t  d i f f e r e n t  back pressures i s  i l l u s -  
t rated i n  f i g .  5-1 1. The overal l e f f i c i e n c y  versus shaf t  po:ier ( a t  constant 
speed of 63,000 rpm) developed a t  several back-pressure values i s  given i n 
f i g .  5-12. A1 l these computations assumed the gas composition indicated i n  
tab le  5-1. 
H -0 APU Turbine Mechanical Design 2 2 
Mechanical design o f  the H -0 turb ine included considerat ion o f  the 2 2 
turb ine ~erodynamics, thermal management, stress analys is ,  and meta l lu rg ica l  
problems, a l l  o f  which influenced the f i n a l  conf igurat ion.  Important parameters 
that influenced the f i n a l  design include the need f o r  an e f f i c i e n t  two-stage, 
part ial-admission impulse-turbine design, running w i t h  c lose t i p  clearance 
(0.010-in.); the use o f  hydrogen-rich working f l u i d ;  the need t o  avoid heat 
soak-back a f t e r  shutdown; and the requirements o f  l o n g - l i f e ,  inc luding many 
s t a r t s  and stops. The ove ra l l  cross sect ion o f  the machine i s  shown i n  
dwg . 581 192. 
Because o f  e f f i c iency ,  the rad ia l  and ax ia l  l oca t i on  o f  f i  rst-stage tu rb ine  
blading r e l a t i v e  t o  the l n l e t  nozzle i s  c r i t i c a l .  Clearance between the blade 
t i p s  and the s ta t ionary  segments must be minimal a t  the hot desigr, operat ing 
condit ions. To p red i c t  these clearances, i t  i s  necessary t o  determine by means 
o f  a thermal model the hot temperature d i s t r i b u t i o n  a t  several spec i f ied  
condit ions. The p red i c t i on  o f  t i p  clearance i s  f u r t h e r  subject t o  uncer ta in t ies  
because d i s t o r t i o n  may be present. Referr ing t o  f i g .  5-13, the tu rb ine  housing 
that  supports the seal segments around both wheels must reach back t o  the  
gearbox through the hot zone o f  the tu rb ine  exhaust torus. I t  i s  desi rable t o  
keep the s t ruc ture  supporting the hot s t ruc tu re  uniform i n  temperature and as 
cool as possible t o  minimize d is to r t ions .  
The f i rs t - 3  tage turb ine wheel i s  mounted t o  the second-s tage wheel , and the 
t w o  are attached t o  the shaf t  by four studs. Centering and power transmission 
i s  accomplished by curv ic  couplings, shown schematical ly i n  f i g s .  5-14 and 5-15. 
To maximi ze heat t rans fer  between the two wheels, the conventional convex-to- 
concave curv i  c coupl i ng conf igurat ion i s  used, wh i l e  the second-s tage, wheel- 
to-shaf t  attachment i s  done through corevex-to-convex curv!c coupl i n g ~  . The 
poorer heat t ransfer  tn  rough the convex-to-convex coupl i ng w i  1 1  minimize the 
heat f l u x  i n t o  the shaf t  and the bearings. The four s tuGs are loaded i n  
tens ion to the des i gn load o f  3900 Ib by a hydraul i c  loader tha t  attaches t o  
the po r t i on  o f  the stud extending beyond the nut. This extension i s  l a t e r  
cut o f f .  Each nut i s  supported by the turb ine wheel, thus prevent ing loading 
o f  tne stud end caused by cent r i fuga l  force. Lands on the studs provide support 
f o r  the stud i~ the wheel dur ing ro ta t i on .  
The sp l i ne  coupling, bearing, and bearing spacer are held i n  p lace by a 
center t i e  b o l t  (see dwg. 581152) loaded i n  tension t o  about 10,000 lb, which i .   
s t i f f e n s  the r o t a t i n g  assembly. The shaf t  e f f e c t i v e  diameter i n  bending i s  
increased i n  t h i s  way t o  approximately t h a t  o f  the b a l l  bearing inner race. 
The shaf t  s t i f f n e s s  increases roughly as the cube o f  the diameter. 
0.1 
u/Co Overa 1 1 
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Figure 5-13.--Turbine Supporting Structure. 





















































































































































































































































































The outside o f  the shaft i s  s l o t t e d  f o r  the f u l l  lengch o f  the bearing 
f i t .  O i l  f o r  b a l l  bearing inner race cool ing i s  pumped through these s l o t s  
by a cent r i fuga l  s l inger .  In te rna l  spl ines a t  the end o f  the nhaft oppost t e  
the turb ine wheels trznsrnit t he  output torque to gearbox v i a  a q u i l l  shaft .  
The hydrogen r i c k  working f l u i d  msy have a deleter ious e f f e c t  on a l l  hot  
me ta l l i c  parts. This l i m i t s  the choice o f  mater ia ls  avai lab le,  and imposes 
addi t ional  res t ra in t s  on the acceptable w r k i n g  stresses fo r  tu rb ine  components. 
The two tu rb ine  wheels, the Four studs and nuts, and the shaf t  a re  made 
o f  CRES V-57 steel ,  a modif ied CRES A286. V-57 was selected because o f  i t s  
resistancz t o  hydrogen embrittlement. The centra l  t i e - b o l t  mater ia l  i s  
INCO 718 stressed t o  about 126,000 ps i .  To pro tec t  i t from the hydrogen 
environment, a cap i s  welded t o  the shaf t  end. Both b a i l  bearings are  made 
o f  M-50 too l  s teei  and have a s i  lver-p lated 4340 steel  separator. 
Some add i t iona l  features of  the r o t a t i n g  assembly are shown i n  f i g .  5-16, 
The bearing c a r r i e r  i s  a rugged s t ruc ture  supporting the bearings and a s ta t ionary  
l aby r in th  seal on the tu rb ine  side. Res i l i en t  mounts are provided f o r  bcth b a l l  
bearings ( s t i f f n e s s  60,000 lb / in . ) .  These are secured w i th  p ins t o  prevent ax ia l  
movement and rotat ion.  Two springs and spr ing guides are used t o  prov ide a 
double bearing preload i n  the event o f  a th rus t  reversal. O i l  i s  del ivered 
to  the bearings from two o i  l j e t s  t ha t  are an in tegra l  p a r t  o t  the bearing 
ca r r i e r .  Excess o i l  i s  car r ied  away from the bearings t o  two s l ingers  on 
the oztboard o f  each bearing and by d ra in  holes i n  the center o f  the bearing 
ca r r i e r .  Early i n  the design o f  t h i s  machine, the use o f  carbon-face-type 
seals was considered t o  prevent o i l  from leaking i n t o  the tarb ine cav i ty .  
Because o f  development costs i nvolved, i t was decided t o  use a gas-pressuri zed 
labyr in th  seal f o r  the t e s t  hardware. Nitrogen bu f fe r  gas i s  introduced under 
pressure i n  the center o f  the l aby r in th  seal, and i t s  f l ow  i n  both d i rec t i ons  
prevents o i l  from leaking t o  the outs ide and hydrogen from enter ing  the 
bearing cavi ty .  
The tu rb ine  assembly i s  supported from the  gearbox by a support housing 
( d e t a i l  6, i n  dwg. 581192), which i s  attached t o  the gearbox housing by a 
f lange and 12 0.25-in.-dia bo l ts .  The bearing c a r r i e r  i s  bo l ted  t o  the 
support housing by s i x  10/32-i n. screws. Shims are provided between the bear- 
ing  c a r r i e r  and support housing t o  adjust the ax ia l  clearance between the 
f i r s t - s tage  turb ine and nozzle. The support hous;iig i s  bo l ted  t o  the contain- 
ment r ing, which reaches through the holes i n  the tu rb ine  o u t l e t  torus by 
means o f  s i x  lugs. Since the containment r i n g  i s  cooler,  i t  i s  used t o  
provide support and guidance f o r  the t8~rb ine housing. The hot tu rb ine  housing 
i s  supported from the containment r i n g  by twelve rad ia l  pins. These p ins  
permit rad ia l  growth of the tu :b ine  housing and a t  the same time maintain thc 
concent r ic i ty  o f  the hot turb ine housing r e l a t i v e  t o  the containment r i n g  anc 
the r o t a t i n g  assembly. Because the turb ine housing expands and contracts w i t h  
temperature, a1 1 connect ions between i t and any cooler s t ruc ture  must have 
f l e x i b i l i t y .  During s ta r tup  h e n  the hot gases f i r s t  begin t o  f low through 
the gas passages, an almost i nstantaneous heating and expansion o f  the s t ruc ture  
i n  contact w i th  the gas w i l l  occur, The l i g h t e r  the cross-sect ion o f  the c o w  
- , ponent, the quicker w i l !  be i t s  thermal response. The surrounding heavier 
r ,  

b t i u ~ t u r e  w i l l  not respond as f a s t ,  r e s u l t i n g  i n  a r e l a t i v e  movement betweer 
the two p a r t s  t ha t  must be accomnodated. F l e x i b l e  s t r uc tu res  are used i n  a  
number o f  places, e.g., between the  f i r s t - s t a g e  nozzle torus and thc f l a ~ ~ g e  o f  
t t l rb ine  housing, t o  reduce the  s t resses between the ho t  and c o l d  pa:ts. 
Th is  i s  mandatory f o r  h igh f a t i g u e  l i f e .  
A f t e r  shutdown, heat contained i n  the t u r b i  le wheels and h o t  s t a t i c  
s t r u c t u r e  w i  l l soak back t o  the coo le r  gearbox. The r a t e  o f  t h i s  hedt cransfer  
w i  1 1  a f f e c t  the temperature o f  t u rb i ne  seal  and besr ings.  This t e r r~e -d tu re  
w i l l  f i r s t  r i s e  and then f a l l  as the e n t i r e  APU reaches a  thermal eqb l i b r i u m  + 
cond i t ion .  The maximum bear ing temperature a t t a i ned  i s  c r i t i c . 1  ~ n l y  i f  i t  
exceeds the coking temperature o f  l u b r i c a t  in! o i  '. Thermal q c l  i c q  of  h o t  
por t ions  o f  the t u rb i ne  can lead t c  low cyc le  f a t i g u e  f a i l u r e s  o f  t5e t . ~ t  
s t a t i c  s t r uc tu re .  This imposed add i t i ona l  ! im i t a t i ons  on the maximm opera t ing  
s t ress  leve l  o f  a l  l components. 
I c  a d d i t i o n  t o  a l low ing  f o r  r a d i a l  dimensional changes between pa-ts,  1 
p r o v i s i o n  i s  made f o r  t h e i  r f r e e  a x i a l  growth. The r a d i a l  p i ns  i n  L! e conta in-  I 
rnent r i n g  e s t a b l i s h  the  a x i a i  l o c a t i o n  o f  the i n l e t  to rus  and leave the 
t u r h i  ne ou t  l e t  to rus  f r e e  t o  move. When t h i s  occurs leakage o f  exhaust 
products i s  prevented by a  double p i s t o n  r i n g  expansion j o i n t .  The n i t r i g e n  i 
b u f f e r  gas used f o r  the  l a b y r i n t h  sha f t  seal i s  a l so  d i r e c t e d  i n t o  the  sracc I 
between the two p i s t o n  r ings. Since "he n i t r ogen  gas pressure i s  h igher  d 
than the  ambient and h igher  than hydrogen o u t l e t  pressure, n i t r ogen  w i l l  f l o w  1 i 
outward i n  bo th  d i r ec t i ons ,  p reven t ing  leakage of hydrogen t o  the atmosphere. 1 1 
f 
The hydrogen/oxygen combustor i s  shown i n  t he  upper r i g h t  corner  oC f 
dwg. 581192. To prevent a  l oca l i zed  ho t  area i n  the f i  rs t -s tage  nozzle torus,  i 
the ho t  gas from the cornbustor i s  in t roduced tcngent i s 1  It dawnstrlam j u s t  beyond 1 
rile ias t d r i  l l e d  nozzle.  I n  t h i s  way, the h o t  gas must t r a v e l  c i  rcumferent i a l  l y  f 
almost 170-deg be fo re  en te r i ng  the fi r s t  nozzle, p rov id i ng  un i form hea t ing  o f  the 
nozzie torus. A s i m i l a r  fea tu re  i s  b u i l t  i n t o  the second-stage nozz le  assembly. j 
The annulus between the i n j e t  o f  the second-stage nozz le  and the discharge o f  the t 
f i r s t - s t a g e  t u rb i ne  wheel permits c i r c u i a t i o n  of h o t  gas. i 
i 
Although great  e f f o r t  has been made t o  m i  n i rr i i  ze d i  s t o r t i o n s ,  the  possi  b i  1 i t y  ! 
o f  rubbin5 between the r o t a t i n g  and s ta t i ona ry  p a r t s  ex i s t s .  I f  t h i s  should 
occur, i t  should no t  be det r imenta l .  S ta t ionary  segments i n s t a l l e d  over t he  
t u rb i ne  blade t i p s  (segmented t o  p rov ide  fo r  expansion) a re  f i t t e d  on the inner  j 
diameter w i t h  an abradable ma te r i a l  t h a t  w i l l  wear r e a d i l y  i f  touched by t he  i 
r o t a t i n g  t u rb i ne  blades. I n  the  same way, the th ree  l a b y r i n t h  seal  s t a t o r s  i i 
wi 1 l wear t o  esrab l  i s h  a  running clearance w i t h  the ro tor .  The s t a t o r  o f  t he  t 
sha f t  l a b y r i n t h  i s  l i n e d  w i t h  bronze w h i l ~  the  two t u r b i n e  seals  are made 
o f  1/32 c e l i  s i ze  s ta i n l ess  s tee l  honeycomb. 
The r o t a t i r ~ j  a s s e d l y  i s  ~ u i  1 t up as a separate c a r t r i d g e  t h a t  can be 
i ns t3 l l e :  o r  removed from the tu rb ine  housing. Trapped batween the two t u rb i ne  
wheels i! the second-stage r~ozz le  r i ng ,  which i s  supported f o r  ba lanc ing frcm 
the bear ing c a r r i e r  by a  spec ia l  assembly f i x t u r e .  This f i x t u r e  prevents damage 
t o  the in termediate l a b y r i n t h  seal .  The r o t a t i n g  assembly i s  dynami ca l  l y  balanced 
ou ts ide  o f  the  t u rb i ne  i n  a  spec ia l  ba lanc ing f i x t u r e .  
Bear i ngs 
The b a l l  bear ings se lec tcd  f o r  t h e  APU are 205-size angular -ontact  
type w i t h  re1 ieved inner  r i n g  and ou te r  land r i d i n g  machined separator.  
The mate r ia l  i s  M-50 f o r  the b a l l s  and r ings  a ~ d  s i l v e r  p l a t e d  s t a e l  f o r  the 
b a l l  separator .  The nominal MJ nlrnlber i s  1.575 x l o 6 .  Computer ana lys is  was 
c a r r i e d  out  t o  design the bear ing  f o r  the loads and speeds encountered du r i ng  
ground check, l i f t o f f ,  reent ry ,  h o r i z o n t a l  f l i g h t ,  and land ing.  B10 f a t i g u e  
l i f e  (90 percent s u r v i v a i )  o f  l n O O  h r  i s  forecast under the des: ;: . i k - - t i o n  
acce le ra t ion ,  and unbalance cond i t i ons .  The bearings are l u b r i c a t e d  by 
d i r ec ted  flow from an o i l  j e t  and ccoled by the same l u b r i c a t i n g  c i l  and a l s o  
by the o i l  f l ow ing  ~ n d e r  the bear ing  bores through s;?:; cu t  on the sha f t .  
Turb ine Thermal A r l l y s i s  
In t roduct ion. - -A s - . r l f  , o f  computerized thermal analyses of  the t u r b i n e  
assembly was per formed f o r  t he  conf i g u r a t i c n  shown i n  f i g .  5-17 j u s t  p r i o r  50 
the f i n a l  design ( f i g .  5-:8). The carbon ;ate ~ e a l  and t nc  ,.a; b a r r i e r s  were 
replaced by a n i t r ogen  p ressur i zed  l a b ~ r i o t h  cca l  t c  reduce devqlopment cos ts  
f o r  the f i n a l  t e s t  design. The thermal design con f i gu ra t i on  and t h e  f i n a l  
design c o n f i g u r a t i s n  a re  the rma l l y  conserva t i ve ly  s i m i l a r .  The purpose of 
the therma! design analyses was t o  support the  mechan:cal design e f f o r t  and 
v e r i f y  thermal performance, a c c e p t a b i l i t y ,  ana r e l i a b i l i t y  o f  the  p;oposed 
t u rb i ne  concept. 
Ana l y t i ca l  method.--A - d e t a i l e d  thermal model (nodal network) s imu la t i ng  
the above-ment ioned t u rb i ne  thermal design conf i qurat  ion was f i r s t  const ructed 
f o r  lJse wi t h  the AiResearch thermal ana l i ze r  computer program (H0298) t h a t  
i s  descr ibed i n  the f o l l o w i n g  sec t i on .  This model, c o n s i s t ~ n g  o f  over 
200 nodes (temperature elements) and shown i n  f i g .  5-19, was subjected t o  
var ious boundary cond i t ions corresponding t o  speci  f i e d  s ieady-s t a t e  and 
t r ans ien t  operat  ing/soakback and s t a r t u p  cond i t i ons .  Tbe ensuing computer 
runs gave the temperature r e s u l t s  repor ted here in .  
AiResearch thermal analyzer computer program (H0298) descr ip t ion . - -To  
perform the d e t a i l e d  conduct ion,  convect ion,  r a d i a t i o n ,  and f l u i d  stream heat 
t r ans fe r  ca l cu l a t i ons ,  an analog o f  the thermal problem was const ructed on the 
t r ans ien t  and s teady-s t a t e  thermal analyzer computer program ( ~ 0 2 9 8 )  descr ibed 
below. 
Trans ient  heat t r ans fe r  ca i cu l a t i ons  a re   evel loped by the e x p l i c i t  f i n i t e  
d i f f e rence  method described by Dusinberre ( r e f .  5-11. r h i s  ..;ethod i s  based 
on the t r a n s f e r  o f  heat  along thermal res is tance  paths by v i  r t u e  o f  a tem- 
~ e r a t u r e  d i  f fe rence  between heat  s torage elements t h a t  absorb o r  release heat  
as a resu l  t o f  a temperature increase o r  decrease. 
S teady-s t a t e  heat t rans fe r  ca l cu l a t i ons  a re  based on the conservat ion o f  
energy under e q u i l i b r i u m  cond i t i ons .  This means t h a t  a l l  the heat f l ow ing  
i n t o  an element p lus the heat generated w i t h i n  the element must equal the 
heat f l ow ing  out  o f  the element. The r e s u l t i n g  equations i n  a s teady-s ta te  
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s o l u t i o n  may be reduced t o  a se t  o f  simultaneous l i n e a r  equations. These 
equations may be so lved by he i t e r a t i o n  method, a l s o  known as the Gauss- 
Seidel  method. The i t e r a t i o n  o r  successive s u b s t i t u t i o n  method fo l lows a 
f i x e d  sequence o f  operat ions t ha t  (when repeated a s u f f i c i e n t  number o f  t imes) 
w i l l  g i ve  a s o l u t i o n  accurate w i t h i n  the l i m i t s  o f  the model. I n  t h i s  method 
the temperature o f  each element i s  ca l cu l a ted  as the weighted average o f  the 
temperatures o f  i t s  neighbors p lus  the temperature r i s e  due t o  heat  genera- 
t i on .  This process i s  repeated f o r  each element i n  the problem, and new 
values o f  the thermal res is tance between elements are ca l cu l a ted  on the bas i s  
o f  the new temperatures where necessary. These new res i s  tance and temperature 
values a r t  used t o  c a l c u l a t e  successive se ts  o f  values, and the process i s  
repeated un t i 1 the temperature change between success i ve subs t i  t d t  ions i s  
acceptat l y  smal l and the heat f l ow i n t c  ecch zlemc I * .  matches the heat  flow 
out  ~i t h i n  2 perr.a~,t. 
Heat t r a n r f e r  ca l cu l a t i ons  may be inpu t  t o  f l u i d  stream elements by 
conduction, convection, o r  r ad ia t i on .  F l u i d  stream heat  t r a n s f e r  ca l cu l a t i ons  
have p r o v i s i o n  f o r   reve en ti ng t he  ou t  l e t  f l u i d  temperature f rom overshoot I ng 
the surrounding sur face temperature, a thermodynamic imposs ib l i t y .  The 
steady-s t a t e  f 1 u i d  stream ca l cu l a t i ons  a re  based on thermal capaci t y  r a t e  
ca l cu l a t i ons ,  w h i l e  t r a n s i e n t  f l u i d  stream c a l c u ~ a t i o n s  nay be based on the 
thermal capacitance o f  each element moving i n  the  f l u i d  s t r e a r  t o  s imulate  
lag c o n d i t i ~ n s .  
Heat t r a n s f e r  t o  the t u rb i ne  blades i s  eva luated us ing  the r e l a t i v e  t o t a l  
temperature (T ) o f  the h o t  gas f l ow ing  over the t u r b i n e  blades and the T 
tu rbu len t  f low f l a t  p l a t e  heat  t r a n s f e r  c o e f f i c i e n t  ca lcu la ted  from eq. (5-1) 
below. 
I n  eq. ( + I ) ,  the f l u i d  p rope r t i es  are determined a t  Ecke r t ' s  ( r e f .  5-2) 
reference temper2 tu re ,  as shown i 11 eq . (5-2) . 
Heat t r ans fe r  along the sides o f  the t u rb i ne  d isks i s  ca l cu l a ted  can- 
s i d e r i n g  d i s k  pumping and windage f r i c c i o n .  Dick pumping produces a r e c i r -  
c u l a t i o n  f low o f  ho t  gas between the t u rb i ne  d i s k  and shroud, and the windage 
f r i c t i o n  adds heat t o  t h i s  r e c i r c u l a t i o n  f low.  
The heat t rans fe r  c o e f f i c i e n t s  along the s ides o f  the d i sk  a re  ca l cu l a ted  
by the methods descr ibed by Richardsor and Saunders (rg;. 5 -3 ) .  The 13minar 
f low equat ion used f o r  RE s 200,000 i s  g iven as eq. (5 -5) .  
Tibe t u rbu len t  f low equat ion used f o r  RE 200,000 i s  given as eq. (5-6).  
: f  the value of  H ca l cu l a ted  from e i t h e r  f a l l s  below SKF ( ~ ) / D G ,  when DG i s  
the gap spacing between the r o t a t i n g  d isk  and a  s t a t i c  shroud, then the value 
of  H = SKF(~) /DG.  Windage f r i c t i o n  i s  ca lcu la ted  from eqs. (5-7), (5-8), 
(5-91, and (5-10) f o r  enclosed r o t a t i n g  d isks ,  the app l i cab le  equat ion depend- 
ing  on the reg in r  o f  f lw. 
Regime 1: Vhrn RE C 1.84 (krW2' and RE < 1.58 x 10 5 
2.21  
Regime 2: dhen I 2 2.84 (b) and RE < 1.58 x 10' 
5 Regime 3: When 1.58 x 10 L RE < 1 x 10 6 
Regime 4: When R E > l  x 10 6 
where 
u 
R = d i sk  radius,  f t  
RPM = revo lu t ions /m i r  
P = dens i ty ,  Ib /cu f t  
U = v i s c o s i t y ,  I b / f t  scc 
DG = yap between r o t a t i n g  d i s k  and s t a t i c  shroud, f t  
qw i nd = windage heat ing,  wat ts  
Heat tr;,nsfe; i n  the nozz;es i s  ca l cu l a ted  by the method g ivsn i n  Bar tz  
( r e f .  5-4).  Conduction heat  t r ans fe r  throughout the t u rb i ne  assembly con- 
s ide rs  t h ~  v a r i a t i o n  o f  thermal conduct iv ; ty  and s p e c i f i c  heat o f  each mate- 
r i a l  w i t h  temperature. 
Thermal resu l ts . - -A ser ies  o f  e i g q t  thermal analyses was performed on the 
thermal model s h m n  i n  f i g .  5-19. Four s teady-s ta te  and four  t r ans i en t  
thermal analyses were performed. S i x  o f  the e i r ' i t  thermal analyses assumed 
Udimet 700 tu rb ine  d isks w i t h  a t u rb i ne  i n i c t  temperature o f  1600 F, whibe the 
remaining two cases ascurned V-51  t u rb i ne  disks and t i e  b o l t s  w i t h  a 1500 F 
tu rb ine  i n l e t  temperature. 
The f o l  lowing s teady-s t a t e  and t r ans ien t  tnermal analyses were performed: 
3 Case 1 : Sea-level f u l l - p w e r ,  s &,..,!i 5 .  ate cond i t i ons  w i t h  1600 F 
0 ' TIT, 200 F o i l ,  and Udimet 700 a;:k5. 
Case 2:  Sea-level, i d l e ,  s teady-s ta te  cond i t i ons  w i t h  ~ ~ o o O F T I T ,  
200 '~ o i  1 ,  and Udimet 700 d isks.  
Case 3: A l t i t u a e ,  i d l e ,  s teady-s ta te  cond i t i ons  w i t h  1 6 0 0 ~ ~  TIT, 2 0 0 ' ~  
o i  1 ,  and Udirnent d isks.  
Case 4 :  A t r a n s i e n t  ,soakback analyz is  from a l t i t u d e ,  i d l e  condit icjns 
obtained f r c n  case 3. 
Case 5: A 7 0 " ~  s t a r t  acce le ra t i on  tcosaa- level  i d l e  condi t i o ~ s  
descr ibed i n  case 1 w i t h  1@0 F o i l .  
Case 6:  A 7 0 ° s t a r t  acce le ra t ion  t o a e a - l e v e l ,  f u l l - p a r e r  cond i t i ons  
descr ibed i n  case 1 w i t h  100 F o i  I. 
0 Case 7: A 70 F s t a r t  acce le ra t ion  t o s e a - l e v e l ,  fu l l -power cond i t i ons  
w i t h  l j i d O ~  TIT, 1 0 0 " ~  o i l .  and V-57 b o l t s  and d isks .  
0 Case 8: Sea- level ,  fu l l -power ,  s teady-s ta te  cond i t i ons  w i t h  1500 FTI 'T ,  
1 0 0 ' ~  o i  1 ,  and V-57 b o l t s  and d isks .  
A Labyr in th  seal  leakage, d isk  pumping. and o i l  f l ow. - - In  o rder  t o  perform 
the thermsl analys is  o f  the t u r g i  ne asse+& l y  , i t  war ngcessary t o  ca l cu l a te  
the l aby r i n t h  seal  leakage f low r a t e  ( 1 )  from tnc t i r s t  stage overboard, 
\ 2 )  between the f  i r s t  and seccnd stages , and (3) f :  on the second-s tage over-  
board. The d isk  pumping f low r a t e  and the cooling o i l  f low rates a l s o  were 
required. Table 5-3 ! i s t s  the l a b y r i n t h  r e a l  leakagc f low, the d i sk  oump- 
ing f low, and the coo l ing  o i l  f low f o r  each o f  she condi t ions : Alyzcd.  
The l a b y r i n t h  seal leakage f low was est imated us ing  the technique g iven 
i n  Kossler ( r e f .  5 -5) .  The d i sk  pumbing. f l ow was est imated us ing Metzger 
( r e f .  5-6) .  
Table 5-3 
LABYRINTH SEAL LEAKAGE, D I S K  PUMPING, bND CfOLlNG OIL FLW 
Cool ing o i l  r Labyr in th  seal  leapage 
Flow 
Rate, 
Ib /  
m i  n  
8.013 
Disk pumping 
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Stead - s t a t e  resu l  ts.--Temperature d i s t r i b u t i o ~ , ~  f o r  the f ou r  steady- Y --.-
s t a t e  thermal analyses o f  the tu rb ine  d s ~ e f i b l y  ( i n c l u d i n g  d isks)  dur ing  
s teady-s ta te  operat  ions a re  shown i n  f i g s .  5-20 through 5-29. 4 S 
Fiq.  5-20 presents the thermal d i s t r i b u t i o n  o f  the tu rb i ne  assembly f 
f o r  a tu rb ine  i n l - ? t  temperature o f  1600°F a t  see- leve l  fu l l -power  cond i t i ons .  
The analys is  a l s ~  assumes a 200°F o i l  i n l e t  temperature and Udimet 700 d isks .  I 
The temperatures were found t o  range from 2 0 3 ~ ~  f o r  the qu i  1 1  s h a f t  t o  1541°~  $ .., 
f o r  the f i r s  t -s tsqe nozzle assembly. The f i  rs t -s tage  b lade  was found t o  be 1 
1353OF and the second-s tage b!ade !026OF. The d isk  tevperatures va r i ed  from 
1272' t o  1333OF f o r  the f i r s t  stage and l l 00O to  1046'~ f o r  the second A i 
stage. Note t h a t  the r i m  o f  the second-s:age d i sk  i s  s l i g h t l y  coo le r  than thi: 
aore of  the disk.  This i s  due t o  axial  c o n d ~ c t i o i ~  i n t o  the bearing sump. 
i 
F ig.  5-21 presents the thermal d i s t r i b u t i o n  o f  the t u rb i ne  assembly I 
f o r  a Lurbine i o l e t  temperature of 1600'~ a t  sea- leve l  i d l e  p m e r  cond i t i ons .  
An o i  1 i n l e t  temperature o f  200QF was assumed, as were Udimet 700 d isks.  The t 
temperatures were found t o  vary from 202OF f o r  the qu i  l l s h a f t  t o  1 4 8 5 0 ~  f o r  
the f i r s t - s t a g e  nozzle assenhly. The f i r s t - s t a g e  b lade was 1366 '~ w i t h  a 
f i r s t -s  tage d isk  r a y i n g  from 1287'F a t  the bore t o  1372'~ a t  the r i m .  The 
second-s tageob iade was 1201°f w i  th a d isk  temperature range o f  1 1 8 5 ~ ~  a t  the 
bore t o  1203 F a t  the r i m .  - 
C l  g .  !I-22 presents tne thermal d i s t r i b u t i o n  o f  the t u rb i ne  assembly 
0 f o r  d tu rb ine  i n l e t  te i~~pera tu t - r  of I609 F a t  a l t i t u d e ,  i d l e  power cond i t i ons .  
0 4 An o i l  i n l e t  temperature o f  200 F was assumed, as were U d i m L  700 d isks.  The 
temperatures va r i ed  from 201 '~  f o r  the qu i  I 1  s h a f t  t c  1 4 4 0 ~ ~  fai the f i r s t -  1 
stage nozzle assembly The f i r s t - s t a g e b l a d s w a s  1354'Fwith a f i r s t - s t a g e  
'0 d isk  ranging fscm 1259 F a t  the bore t o  1337 Foat the r im. The secogd-stage ! 
blade was 1055 F w i t h  a d i s k  ranging from 1108 F a t  the bore t o  1069 F a t  the 
r i m .  Again, the e f f e c t s  o f  a x i a l  conduct ion i n t o  the sump are ev iden t  s i nce  




Fig.  5-23 presents the thermal d i s t r i b u t i o n  o f  th? t u rb i ne  assembly f o r  f 
a t u rb i ne  i n l e t  temperature o f  1500 F a t  sea- leve l ,  fu l l -pcwer  cond i t i ons .  An 
o i  1 i n l e t  temperature o f  1 0 0 ~ ~  and V-57 b o l t s  and d isks were asswed. The 
1 
! 
temperatures were found t o  vary from 107 F f o r  the qu i  l l s h a f t  t o  1 4 4 7 ~ ~  f o r  j 
the f i rs t -s tage  nozzle assembly. ;he f i  rs t -s tage  b lade  83s 1 2 8 2 ~ ~  w i *L  a I 
t i r s t - s t a g e  d isk  ranging from 1207 F ad the bore t o  1264 F a t  the r i m .  The 
secogd-s rage b lade was fougd t o  be 991 F v i  t h  a d i s k  temperature range o f  
1049 F a t  the bore t o  1008 F a t  the r i m .  Again, the e f f e c t s  o f  a x i a l  conduc- 
t ion on the second-s tage d i sk  temperatures a re  no t  i ceab!e. 
Star tup t r ans ien t  resu l  ts . - -Star tup t r ans ien t  thermal resu i  t s  were 
obtained p r i m a r i l y  t o  determine the t u rb i ne  d i s k  temperature grad ients  and 
resui  t ing thermal stresses t ha t  occur dur ing  such extreme t r a n s i e n t  c 1,di- 
t i ons .  Two types o f  t r ans i en t  thermal r esu l t s  a re  presented. The f i r s t  i s  
a therna l  d i s t r i b u t i o n  o f  the e n t i r e  t u rb i ne  a t  a s p e ~ i f i c  tim ; : i to  the 
t r ans ien t ,  and the second i s  a fami ly  o f  curves f o r  both the  f i r s t -  and 
second-s tage t u r b i  ne d isks showi ng the temperature h i s  to ry  o f  the var ious 
disks as a f unc t i on  o f  t ime and d isk  radius.  
F i  gurc 5-20 .--Space Shuttle APrl Turbine Assembly Temperaturn Distr ibut ion 
for  Case 1. 
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Figure 5-21.--Space Shutt le  APU Turbine Assembly Temperature D is t r ibut ion  
f o r  Case 2. 
Figure 5-22.--Space Shuttle APU Turbine Assembly Temperature Distr ibut ion 
' for  Case 3. 
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Figure 5-23.--Space Shuttle APU Turblne P,ssembly Temperature Distr ibut ion 
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Figure 5-25.--First- and Second-Stage Disk Temperature Distributions During 
Startup Transiert to Steady-State Operations (Cases 5 and 2 ) .  
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Figure 5-26.--Space S h u t t l e  APU Turbl  ne Assembly Temperature D l  s t r l  bu t  ion 
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Figure 5-27.--Fi rst -  and Second-Stage Disk Temperature Distributions During 
Startup Trznsient t o  Steady-State Operations (cases 6 and 1 ) .  
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Figure c-28.--Space Shut t le  APU Turbine Assembly Temperature Dis t r i t u t i o n  
fo r  Case 7 a t  Startup, t = 40 sec. 
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F igure  5-29 . - -F i rst -  and Second-Stage Disk Temperature D t s t r i b l ~ t i o n s  r.+cring 




Figs. 5-24 and 5-25 present the thermal d i s t r i b u t i o n  a t  t = 40 sec 
and the temperature h i s t o r y  vs radius f o r  the f i r s t -  and second-stage d isks.  
These resu l t s  are based on an i n i t i a l  ( s t a r t i n g )  un i form tu rb i ne  assembly 
0 temperature of  70 F, i n  a d d i t i o n  t o  the same boundary condi t ions p rev ious ly  
s t a t e d  f o r  the sea- leve l ,  i d l e ,  s teady-s tate resu l t s ,  This, o f  course, assumes 
that the bou~da ry  condi t ions remain reasm;,oly cons t zn t  throughout the s t a r t u p  
t r ans ien t  from i n i t i a l  condi t ions t o  sea l w e i  i d l e .  As expected, the resu l t s  
i nd i ca te  large tu rb ine  d i sk  temperature grad ients  immediately a f t e r  s t a r t u p  
i n i t i a t i o n ,  p a r t i c u l a r l y  f o r  the f i r s t - s t a g e  d isk ,  These gradients  are 
gradua' ly reauced u n t i l  they are a t  t h e i r  minimum when steady s t s t e  i s  
achieved. The s  teady-s t a t e  condi t ion  corresponds t o  case 2. 
0 
Figs. 5-76 and 5-27 present the t r ans ien t  thermal r esu l t s  trom a 
70 F s t g r t  t o  sea- leve l ,  fu l l -power  condi t ions w i t h  a  t u rb i ne  i n l e t  iemperature 
o f  1600 F. The thermal r esu l t s  a re  s  i m i  l a r  t o  the previous case. The steady- 
s t a t e  cond i t i on  corresponds t o  case 1. 
Figs.  5-28 and 5-29 present the t r ans ien t  thermal r e s u l t s  f o r  the 
1 5 0 0 ~ ~  tu rb i ne  i n l e t  ternpera?ure cond i t i on  w i t h  V - 5 j  bol:s and disks from a 
0 70 F s t a r t  t o  sea- level  f u l l  power. The steady-state cond i t i on  corresponds 
t o  case 8. Again, the thermal r esu l t s  are s i m i l a r  t o  the previcus two cases. 
Shutdown t r ans ien t  resu l  t s  .--Figs. 5-24 qnd 5-25 present the thgrmbl 
resu l t s  o f  a  soakback thermal analys is  from an a l t i t u d e ,  i d l e ,  1603 F t u rb i ne  
i n l e t  temperature cond i t ion .  The soakback t r ans ien t  thermal analys is  was 
obta ined p r imar i  l y  t o  determine the maximum (hot-end) t u rb i ne  bear ing and 
stagnant o i  l temperatures t h a t  occur dur ing  shutdown thermal soakback f o l  low- 
ing normal a l t i t u d e ,  i d l e ,  s teady-s tate operat ion. During s teady-s tate opera- 
t i on ,  there  i s  no problem w i t h  the bear ing and c i !  temperatures s ince  a c t i v e  
thermal con t ro l  i s  provided by o i  l f low through the bzar ings and sha f t ;  hcw-  
ever, a f t e r  shutdown, o i l  f low stops, and there i s  no longer any thermal 
con t ro l  (unless i t  i s  provided by o the r  means). The la rge  amount o f  energy 
s to red  i n  the t u rb i ne  disks dur ing  s teady-s tate operat ion ( a t  much h igher  
temperatures) now s lowly conducts (soaks back) t o  the sha f t  , bearings , and 
o ther  low-temperature surroundings u n t i l  an e q u i l i b r i u m  conduction e v e n t ~ ~ a l l y  
i s  achieved. Ddring t h i s  t ime the bear ing and o i l  temperatures cont inue t o  
increase u n t i l  t h i s  cond i t i on  i s  reached. Thus, i t  i s  o b v i ~ u s  t h a t  the max- 
imum bear ing and o i  l tenperatures dur ing shutdown soakback are ~ r i m a r i  l y  
dependent on two f ac to r s :  (1)  the thermal energy l eve l  o f  the t u rb i ne  disks 
as determioed by the t u rb i ne  i n l e t  temperature dc r ing  steady-s t a t e  operat ion,  
and (2) the thermal capaci ty (abi  1 i t y  t o  absorb heat )  of  the mater ia ls  sur-  
rounding the d isks ,  espec ia l l y  i n  the area o f  the bearings. 
F ig .  .-30 presents the temperature d i s t r i b u t i o n  o f  the t u rb i ne  assembly 
dur ing a soakback from a l t i t u d e  i d l e  a t  t = 8J sec. F ig .  5-31 presents 
temperature h i s t o r i e s  o f  var ious par ts  and components o f  the t u rb i ne  dur ing 
soakback. These include the f i rs t - s  tage d isk ,  the second-s tage d i sk ,  the 
t u rb i ne  shroud, the face seal  support ,  the face seal r o t o r ,  the t u rb i ne  end 
bear ing,  and the gear end bearing. The resul  t s  i nd i ca te  t h a t  no danger o f  o i  
coking dur ing soakback e x i s t s  f o r  t h i s  t u rb i ne  design. 
Mode 
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Figure 5-30.-- Space Shutt!e APU Turbine Assmbly Temperature D i  s l r i  but ion 














SWKBACK TIME (seconds? 
, .  . .. . . 
Figure 5-31.--Temperature Histories o f  Selected Con. lnents During Soakback 
from Al t i tude  I d l e  (Cases 3 and 4 ) .  
- . . . . . . 
Stress and Dynami cs 
I n  the analy3 i s  o f  the s t ruc tu ra l  i n t e g r i t y  o f  the H 0 APU for  the 
operatins environment described b e l w  p a r t i c u l a r  a t t e n t f o i  was pa id  t o  the 
dynarni c and thermal aspects o f  the des i gn. The APU ro to r  i s  designed fo r  
2000 s top-s tar t  duty cycles and 1000 h r  o f  operation. I n  the l i f e  calcula- 
t ions, i t  was assumed that  the worst operat ing condi t ion was the only mode o f  
operat ion f o r  the f u l l  1000 h r  and 2000 duty cycles. Other per t inent  design 
c r i t e r i a  are l i s t e d  i n  table 5-4. The design loading condit ions l i s t e d  i n  
table 5-5 were formulated w i t h  NASA-Lewis approval from several sources o f  
I 
i 
published data and spec i f i ca t ions  for  the Space Shut t le  program. A l l  lcads ?re I 
assumed t o  be appl ied t o  the APU ro to r  simultaneously and to act  continuously 




LOAD CON0 l T l ONS 
Turbine wneel stress analysis.--For turb ine wheel d i sc  stresses, the 
radia l  and tangential  components o f  the combined centrifuqa.1 and thermal 
Type o f  loading 
Acceleration 




stresses on th; f i rs t-s tabe tu rb i  ne wheel d isc  from t rans ient  to steady-s ta te  
condit ion are shown i n  f i gs .  5-32 through 5-35. Temperature d i s t r i b u t i o n  i n  
the d isc i s  presented i n  f i g .  5-36 f o r  the 1500°F TIT, sea-level,  ful l -power 
operating condi t ion a t  a turb ine speed o f  63,000 rpm. The combined stresses 
an the second-s tage turb ine whae: are shown i n  f igs .  5-37 and 5-38, and f i g .  
5-39 indicates i t s  temperature d i s t r i b u t i o n  i n  the d i sc  f o r  the same operat ing 
condit ion as the f i r s t - s tage  wheel. I n  both steady-state and t rans ient  stress 
d is t r ibu t ions ,  the d iscont inui t )  i n  stress a t  midradius i s  due t o  the inf luence 
o f  the curv ic  coupling platform. 
4 
Magn i t ude 
* 4 9  
3.5 rad/sec 
* 5 9  
0.02 gm-in. (each wheel) 
The d isc r i m s  o f  the f i r s t -  and second-s tage wheels experience compressi ve 
tangential stresses during s tar tup  due t o  high thermal gradients from the disc. 
Lip to  the center o f  the wheel (as shown i n  f igs .  5-32, 5-33, 5-34, and 5-37). 
The maximum e l a s t i c  compressive tangential  stress a t  the d isc  rims i s  shawn i n  
f i g .  5-40 as 110 k s i  a t  9 sec and 76 k s i  a t  18 sec a f t e r  s ta r tup  for  the f i r s t -  
and second-stage whesls, respect ively. The rad ia l  t i p  growth o f  the f i rs t- 
stage turb ine wheel during t ransient  t o  steady-state operat ion i s  shmn i n  f i g .  
5-41.. 
TABLE 5-4 
PERTINENT DESl GN CRITERIA 
Design c r i t e r i a  
Des i gn overspeed t o  be 1 .35 x 63,000 rDm 
= 85,000 rpm 
Average stress i n  the turb ine d isc  t o  be 
less than 80 percent of the u1 timate 
strength 
Total creep s t r a i n  tha t  turb ine d isc  i 
experiences a t  the end o f  1000 h r  t o  
be approximately 0.2 percent 
Combined e f f e c t  o f  creep and fa t igue to 
be considered I 
I 
Uses a cumulative damage theory; a 0.5 
percent creep s t r a i n  i s  considered t o  
be f a i l u r e  s t r a i n  
Simultaneous app l ica t ion  o f  accelera- 
t ion ,  v ib ra t ion ,  gyroscopic, thermal, 
cent r i fuga l ,  and wheel unbalance Isads I 
Fat igueand re laxat ion  tobecons ide red  
No looseness permitted under the com- 
bined loadings 
Design only fo r  grourd operat ion 
Thermal and pressure loads t o  be 
cons i de red 
C r i  t i c a l  speeds t o  be excluded from the 
ope r a t  i ng speed range 
Design t o  contain a l l  wheel fragments a t  
burs t  
Use ava i lab le  minimum propert ies i n  the 
strength cd lcu la t ion  
F 
tompon tn t 
Turb i ne 
whee 1 
Turbi ne 
wheel b o l t  
and centra l  
t ie -bo l  t 
S t a t i c  










Disc rad ia l  
growth 
Operational i i f e  
Des i gn 
envi ronrnent 
Operational l i f e  
Assembly lockup 
Design 
env i ronmen t 
C r i t i c a l  speed 
Wheel burst  
Properties 
Radius from the rotational axis i o .  
S-81266 
Figure 5-32.--First-Stage Turbine Wheel Disk  Stress vs Radius. 
Radius from the ro ta t i ona l  a * i s ,  in.  S-81267 
Figure 5-33.--First-Stage Turbine Wheel Disk Stress v s  Radius. 
Radius from the rotational ax is ,  In. S-81364 
Figure 5-34 .-- F i  rst-Stage Turbine Wheel Disk Stress vs Radius. 
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Figure 5-35.- F i  rst-Stage Turbine Wheel Di si< Stress vs ~ d d i u s .  
0 1 .o 2.0 2.6 I 
Radius from the rotat ional  ax is  5-81261 
Figure 5-36.--First-Stage Turbine Wheel Temperature vs Radius. 
2 0 I Tangential stress 
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I Condi t i o r  I 
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-60 1- Startup to  f u l l  power 
a t  sea level a f t e r  
I 
I 20 sec a t  63,000 rpm I \ 
40 \I 
Disc radius, i n .  5-81259 
-\ \ 
Figure 5-37.--Second-Stage Turbine Whuel 
Disk Stress v5 Radius. 
\ 
Radius from the ro ta t iona l  ax is ,  in .  S-81258 
Figure 5-38.--Second-Stage Turbine Wheel 
Disk Stress vs Radius. 
I . .  b- 
;si- g' 
i 
1 .o 2 . 0  
Radius from the ro ta t iona l  ax is ,  in.  
Figure 5-39.--Second-Stage Turbine Wheel 
Temperature vs  Radius. 4 
Time a f t e r  startup, sec 5-81257 
Figure 5-@.--furbin* meel R i m  Trans lent 
Cqmpressive Elast ic  Stresses. 
:. . **.- ,-.*.. ..... . -, &-.-.- ---... ...-- . - -- .* > *-*- - =.- r. - .  . . - -... -. 
For turb ine wheel operatiorla1 1 i fe, the c r i  t e r i a  invest igated include 
fat igue,  creep, and the combined e f f e c t  o f  fa t igue and creep. The analysis i s  
centered on the bo l t -ho le  region o f  the wheel and *he d isc  r i m ,  where theore t i -  
cal stress concentration factor: o f  2.1 and 1.2 e x i s t  ar the b o l t  bo le  and the 
rim, respect ively.  
Fatigue cycles to f a i l u r e  were determined by the AiResearch computer pro- 
I 
gram, hhich uses the Wetzel-Morrow e l a s t i c - p l a s t i c  method i n  combination w i t h  
the Manson-Hi rsc l~berg universal slopes technique f o r  p red i c t i ng  1 i fe .  Scatter 
factors o f  10 f o ~  high cycle fa t igue L.-.d 3 f o r  low cycle fa t igue are appl ied 
? I to  the calculated cycles to  f a i l u r e .  Further, the 0.5 percent creep s t r a i n  i s  
considered a conservative rupture s t r a i n  f o r  determining the combined e f f e c t  
t of  fat igue and creep. The creep data f o r  an aus ten i t i c  a l l o y  V-57, grade E 
t (as obtained from NASA-~ewis)  are shown i n  f i g s .  5-42 and 5-43. 
t 
The comb;vd e f f e c t  o f  fa t igue and creep i s  based on the fo l low ing 
c umu 1 a t  i ve dal,~dge theorv : 
where n = n~mber o f  required stop-s t a r t  j u t )  cycles 
N = cycles t o  f a i l u r e  
I 
t = requ i red operat ing hours 
C = time to  creep 0.5 percent s t r a i n  
I n  the analysis,  i t  i s  assumed tha t  two stop-s;art duty cycles per 1-hr opera- 
t i o n  w i l l  occur. Since the f i r s t - s tage  turbir,e wheel i s  more c r i t i c a l  than 
the second-stage wheel i n  terms o f  stress and thermal d i s t r i b u t i o n ,  the 
analysis is  conducted only f o r  the f i rst-stage wheel. 
The resu l t  nf the s top-s tar t  duty cycles a t  tu rb ine  b o l t  hole i s  shown 
i n  f i g .  5-44, The e f f e c t  o f  overspeed ( t o  prestress the  b o l t  hole) t o  82,000 
'rpm p r i o r  t o  the f i r s t  duty cyc le  i s  included i n  the analysis. A t  the  design 
turb ine speed o f  63,000 rpm, the steady-state s t ress leve l  dur ing  operat ion 
a t  the b o l t  hole, which i s  located 0.75 in. frcm t t e  ro ta t i ona l  axis, i s  42.0 
k s i  (see f i g .  5-35). This s t ress leve l  a t  the wheel metdl teiqmraturc of 
12 15OF determitles the stop-star t  duty cycles o f  the wheel a t  the  b o l t  hole. 
Assuming tha t  the stress f luc tua tes  frm 9 to-42.0. to 0 k s i :  the  cycles t c  
f a i  l u re  are 77,500 cycles. A t yp i ca l  -computer output I s  5hovh i n  t a b l e  5-6. 
As shown i n  f i g .  5-45, the time t o  creep 0.5 percent s t r a i n  a t  1215OF I s  





















































































Turbine speed. rpm 


Combined f a t i g u e  and creep e f f e c t s  fc; the t:;'hee! a t  t he  b o l t  ho l e  as a 
f u n c t i o n  of speed i s  given ir, f i g .  5-46. The t o t a l  opera t iona l  l i f e  o f  the 
wheel a t  t he  b o l t  hol: i s  7990 h r  and 15,800 duty  cycles.  
The opera t iona l  l i f e  o f  the d i s c  r i m  o f  t h e  f i r s t - s t a y e  t u r b i n e  wheel i s  
c o n t r o l l e d  by fa t igue .  The creep damacje t o  the rim i s  n e g l i g i b l e  because the j s t ress  lev;l du r i ng  the s teady-s ta te  operat  ion i s  low (see f i g .  5-35). The r e s u l t  o f  che s top -s ta r t  duty  cyc les  a t  t he  d i sc  r i m  i s  presented i n  t a b l e  
5-7; ( f a t i g u e  on ly )  t he  opera t iona l  l i f e  i s  3210 hr and 6420 du ty  cycles, 
(comb i ned f a t  i que and creep). 
The t o t a l  creep s t r a i n  experienced by the f i  rs t -s tage  t u r b i n e  wheel dur ing  
1GOO h r  o f  opera t ion  wi l l be approximateiv 0.2 percent s t r a i n  (see f i g .  5-26) ; 
the permanent r a d i a l  growth o f  the wheel i s  0.30583 ia. a t  t h e  end o f  IQOO h r  
operat  ion. 
C r i t i c a l  speed analysis.--A c r i t i c a l  speed ana lys is  o f  the  r o t a t i n g  
assembly was performed us ing an A i  Research c r i  t i c a l  speed ana lys is  computer 
program. The a n a l y t i c a l  model and the  c r i t i c a l  speeds as a f unc t i on  o f  bear- 
ing r e s i l i e n t  mount sp r i ng  r a t e  a re  shown i n  f i g .  5-47. The r e s i l i e n t  mount 
bear ing s t i f f n e s s  i s  60,000 I b / i n .  f o r  both bear ings. Shown i n  f i g .  5-48 
are the r a d i a l  de f l ec t i ons  a t  the f i rs t -s tage  t u rb i ne  idheel w i  t h  a maximum 
ou t -o f  balance to lerance o f  0.02 gm-in. wi t h  no damping i n  the bear ings.  
D3st exper i ence has shown t h a t  t ravers i ng balanced r i  g i d body m d e s  wi l l 
not  produce any problems . As shown i n f i gs .  5-47 and 5-48, the opera t ing  speed 
range i s  w e l l  c l ea r  o f  both  r i g i d  body and f l e x i b l e  mode,. 
Con ta inmnt  analysis:--The containment s t r u c t u r a l  ana lys is  was conducted 
t o  determine the geometrical requirements for  thz  ion ta inmer t  s t r u c t u r e  f o r  
sa fe ly  con ta in ing  the t u rb i ne  wheel fragments from a b u r s t  wheel. The design 
i s  intended t o  prevent the f o l  lowing two types o f  f a i  lut-e: 
(1) P i e r c i  ng--The th  i ckness t h a t  prevents p i e r c i n g  the containment 
r i n g  i s  se lected on 7 basis  t h a t  permi ts  deformat ion up t o  the 
p o i n t  o f  crack ing the armor. 
(2 )  Hoop burst--The quan t i t y  o f  r i n g  ma te r i a i  and i t s  con f i gu ra t i on  i s  
se lected on a bas is  such t ha t  the t o t a l  t : rans la t iona l  fragment 
energy i n  a wheel i s  absorbed by p l a s t i c  deformat ion o f  the armor. c 
The volume o f  the mate r ia i  s e l e c t e d  i s  such t h a t  a t e n s i i e  hoop 
f a i  l u r e  ?f the armor i s  prevented. 
A i  Research conducted numerc- whi r l - p i  t wheel b u r s t  t e s t s  us ing a s ,  
varie:y o f  cc i ta inments,  wheel a a t e r i a l s  , and shapes. Based on the t e s t  data 
v;i t h  t i l eo re t i ca l  i n t e r p r e t a t i o n ,  an empi r i c a l  formula was developed t o  design 
a safe containment s t r u c t u r e .  The sub jec t  containment r i n g  i s  designed t o  
operate a t  the metal temperature o f  5 ~ 3 ~ ~  and w i  I I con ta in  a quad-hub b u r s t  
(because o f  four  tu rb ine  b o l t  ho les)  o f  the wheel a t  the t u rb i ne  speed o f  
113,4CO rpm. The con ta i nmn t  mate r ia l  i s  a maraging s t e e l  18 Ni-250. 







Turbine wheel b o l t  a r ~ a l y s i s :  The t u rb i ne  wheel b o l t s  used i n  assembling 
the f i r s t -  and second-stage wheels t o  the r o t o r  sha f t  are designed t o  talce 
simult.aneous loads from acce le ra t ion ,  v i b r a t i o n ,  gyroscopic,  thermal,  cell- 
t r i  fugal , ~ n d  1:hzel uo5alance imposed on the two wheels dur ing  the APU opera- 
t i on .  The p e r t i n e n t  design loads are l i s t e d  i n  tab le  5-5. 
The b o l t  pre load i s  c a r e f u l l y  determined so t ha t  no s e p a r a t i ~ n  between 
the wheels and the r o t o r  sha f t  occurs dur ing  the APU opera t ion  under the 
cambined loads. Furthermore, the s t ress  l eve l  a t  b o l t  opera t ing  temperature 
should be low enough such tha t  only a  n e g l i g i b l e  amount o f  b o l t  r e l axa t i on  
6 w i l l  r e s u l t  i n  1000 h r  o f  operat ion.  An appreciable avoun: o f  rc;axat;on 
w i  1 1  r e s u l t  i n  loss o f  pre load and a1 low wheel separa: 7n fron .fie --crtcr sha f t  
under ex te rna l  loads. The b o l t  pre load a l s o  must overcome a x i a l  d i s c  shr inkage 
o f  the wheels due t o  c e n t r i  fugal- thermal loads and r e l a t i v e  thermal expans ion  
o f  whee 1s and bo l  ts . 
B o l t  mate r ia l  i s  an a u s t e n i t i c  a l l o y  V - 5 7 ,  which i s  the same as t ha t  used 
f o r  the tu rb ine  wheels and thus minimizes the b o l t  pre load requ i red  t o  over-  
come d i f f e r e n t i a l  thermal expansion between b o l t  and wheei. The mate r ia l  
e x h i b i t s  good re l axa t i on  res is tance and f a t i g u e  p roper t ies  a t  opera t ing  
temperature. 
The requi  red pre load f o r  room temperature assembly i s  3443 t o  3880 l b ,  
and the nominal b o l t  s t ress  leve ls  are 71.30 and 80.0 k s i ,  r espec t i ve i y .  A t  
0 
an opera t ing  speed o f  63,000 rpm and opera t ing  temperature o f  1100 F, the 
wheel b o l t  pre load s t ress  l eve l  becomes 26.1 t o  33.0 k s i .  This reduct ion i n  
s t ress l eve l  i s  due p r i m a r i l y  t o  the a x i a l  wheel shr inkage and the r e l a t i v e  
bo l t - to -whee l  expansion. As shown i n  f i g .  5-49, b o l t  r e l a x a t i o n  i n  1000 h r  
i s  n e g l i g i b l e  a t  1 1 0 0 ~ ~  and a  s t ress  l eve l  o f  33.0 k s i .  The s t o p - s t a r t  duty 
cyc le  capabi l i i y  o f  the b o l t  a t  the thread roo t  i s  2503 cyc les,  w i t h  a  
reduct ion f a c t o r  o f  10 on the ca l cu l a ted  25,000 cyc les.  
Centr i i l  t i e  b o l t  ana lys is :  The cen t ra l  t i e  b o l t  used t o  assemble a l l  
the r o t a t i n g  assembly stacks (e .g . ,  b a l l  bear ings,  o i l  s l i n g e r s ,  and a  bear ing 
spacer) as one r i g i d  r o t o r  i s  designed KO take simultaneous loads from accel -  
e r a t i o n ,  v i b r a t i o n ,  gyroscopic,  thermal, c e n t r i f u g a l ,  and wheel unbalance 
imposed on tire two-stage wheels and on the r o t o r  s h a f t  du r ing  the APU opera- 
t i on .  The p e r t i n e n t  design loads are l i s t e d  i r  tab12 5 s. Lssed zn the 
design c r i t e r i o n  tha t  no looseness i s  permi t ted  i n  the r o t a t i n g  assembly dur ing  
the APU operat  ion,  the b o l t  p:.eload was determined so t ha t  no separat ion o f  
the r o t a t  ing assemb l y  stacks occurs when subjected t o  var ious enterna l  load i  ng 
cond i t i ons .  Since the tem!)erature o f  the compression s tack  i s  lower than tha t  
o f  the t i e  b o l t  dur ing opera t ion ,  a  b o l t  cons i s t i ng  o f  lnconel  718 AMS 5662 
I was se lected because i t s  thermat c o e f f i c i e n t  o f  expansion i s  lower than t h a t  
o f  the compression s tack,  and a l so  i t  has good f a t i g u e  p rope r t i es .  
The requi red assembly preloads are 8970 t o  10,140 I b ,  an+ the nominal 
b o l t  stresses are 112.3 and 127.0 k s i ,  r espec t i ve l y .  Similar.: . .  the steady- 
s t a t e  opera t ing  s t ress  leve ls  i n  the b o l t  are  62.4 t o  76.3 k s i .  The s t o p - s t a r t  
duty cycles o f  the t i e  b o l t  a t  b o l t  head i s  approximately 10,000 cycles a t  
the metal temperature o f  850 F, w i t h  a  reduc t io r  f ac to r  o f  10 on the ca l cu l a ted  
cycles o f  100,000 cyc les.  Crcep was no t  c r i t i c a l  because the s t t  ess and tem- 
perature leve ls  are r e l a t i v e l y  moderate f o r  lnconel  718. 

S t a t i c  s t r u c t u r e  ana lys is :  C r i t i c a l  areas o f ,  the s t a t  i c  s t r u c t u r e  have 
been designed far 300 h r  gf ground t es t i ng .  The Lhermal leve ls  f o r  t h i s  con- 
d i  t i o n  are 1500 and 1600 F TIT. Temperature grad ients  and opera t ing  pressures 
used i n  the ana lys is  are 1 i s t ed  i n  t ab l e  5-8. S t r uc tu ra l  items 1 through 6 (as 
def ined i n  f i g .  5-50) are considered t o  be c r i t i c a l ,  and d e t a l l e d  analy&s were 
performed and adequate margins o f  sa fe ty  estab l ished.  P a r t i c u l j r  areas suc,h as 
# t he  i n l e t  manifold f l e x i b l e  j o i n t  and the f i r s t -  snd second-stage seals ( i tems 2, 
3,  and 4)  have .high t r ans ien t  temperature grad ients  dur ing  the s t a r t u p  prlase o f  
1 the operation; there fo re ,  spec ia l  a t t e n t i o n  was g iven t o  \he load induced by the 
: + thermal d i f f e r e n t i a l  d e f l e c t i o n  between the element and connect ing s t r uc tu res .  
A t y p i c a l  s t r u c t u r a l  computer model i s  shown i n  f i g ,  5-51. This model 
i s  used f o r  t>e s t ress  ana lys is  conducted f o r  the f i rs t - -s tage seal  
(PN 581221-1 .) The basic s t r u c t u r a l  member incorporated i n  the computer pro-  
gram i s  a c i r r u i a r  r i n g  element having a t r i a n g u l a r  cross-sect ionat  area. 
Esch element i s  assumed t o  be i so t r op i c ,  but  temperat-utes, m o d ~ ~ i u s  o f  e l a s t i c -  
i t y ,  and thermal c o e f f i c i e n t s  o f  expansion are spec i f i ed  a t  each nodal po in t  
o f  the s t r u c t u r a l  model. The pressures a re  assumed t o  be constant across 
each element s ~ r f a c e  and the  temperatures a re  s p e c i f i e d  a t  each nodal po in t .  
Displac?ments f o r  each nodal p o i n t  and s t resses ( inc lud ,  .g t he  Von Mises 
e f f e c t i v e  s t resses f o r  each t r i a n g u l a r  element) a re  a ccmputer output ,  Maxi- 
mum st resses e x i s t i n g  ' i n  i tems 1 through 6 and margins o f  s a f e t y  f o r  poss ib l e  
f a i l u r e  modes considered i n  t he  ana lys is  are b r i e f l y  summarized i n  t a b l e  5-8. 
Gearbox Desi gn 
The p re l im ina ry  design o f  t he  gearbcx f a r  t h e  re ference system i s  
ent i r e l y  d i f f e r e n t  from t h e  de ta i  1 design o f  t e s t  system gearbox. A ma,jor 
cons idera t ion  was f a b r i c a t i o n  cos t  o f  the t e s t  u n i t .  Both designs a re  
descr ibed below. 
Zero-gravi ty-gearbox d e s i q n . - - ~ h f s  gearbox i s  a f l i gh t - ' t ype  l i gh twe igh t  
design lncorporat  i ng  zero-grav i  cy (0-9) lObt i c p t  i on  features and three power 
ou tpu t  pads, two f o r  hydrau'! i c  pumps and a t h i r d  f o r  an a l te r r ra to r .  It ir...ar- 
porates a ca r r ie r -gas  l u b r i c a n t  scavenge system. Fig. 5-52 shows the gearbox 
design, which involves a n i t r ogen  r e c i r c u l a t i n g  fan, gas oassages t c  scavenge 
l u b r i c a n t  from the t u rb i ne  c a r r i e r  and a l t e r n a t o r ,  and the cen t r i f uga l  separator 
design t o  handle the c a r r i e r  gas r e t u r n  f low. 
Design ~.equi remenls: The gearbox h a  the f o l  lowing des lgn  requirements:  
Jutput  pad f o r  e l e c t r i c a l  a1 te rna to r  (1 2,000 rpm) 
Output pads f o r  hyd rau l i c  pumps (6000 rpm) 
Means o f  c i r c u l a t i n g  o i l  through ;he gearbox and t he  r o t a t i n g  
assernbl y 
Input p3d f o r  the r o t a t i n g  assembly (70,000 rpm) 



























































































































































































































































































































































































































































































































































Figure 5-51 .--Shuttle Seals Torus ( ~ i r s t - S t a g e  Seal ( I tem 3 ,  
F ig .  5-50) Triangular Element Computer ~odel) .


? i  y t ~ r e  5-52. --Crnss Sect ion,  Power ~ n i t  , 
and Gearbox. 
The gearbox was sized t o  accomnodate the fo l low ing t yp i ca l  components: 
Abex Model AP 27V-1 var iab le -de l ivery  hydrau l ic  pumps 
West i nghouse Part No. 4QN60F a1 te rna tor  
Descript ion: The gearbox shwn i n  f ig .  5-52 i s  a s t ra igh t  spur gear 
conf igurat ion w i t h  a s ing le  mesh reduct ion t o  the ~ l t e r n a t o r  and a double mesh 
reduct ion t o  each o f  the hydrau l ic  pumps. This arrangement resu l t s  i n  the 
minimum number o f  gears and a l ightweight ,  c lose coupled, r i g i d  housing 
assembly. Gear size and propcr t  ions have been computer designed and are 
based on a 20-deg tooth pressure angle. The tooth loading on the high-speed 
p in ion  and the p in ion  bearing load are the most c r i t i c a l  par ts  o f  the e n t i r e  
assembly. AiResearch experience i n  s i m i l a r  designs indicates tha t  conservative 
design values shotild be used i n  such cases, p a r t i c u l a r l y  where the p in ion  i s  
d r i v i n g  a pu lsa t ing  load such as a m u l t i c y l  inder,  high-pressure pump. Accord- 
i ng l y ,  the p in ion  tooth Hertz stresses have been l i m i t e d  t o  150 ks i .  
Input d r ive  t o  the gearbox i s  provided by a qui 1 1  shaf t  connecting the 
turb ine shaf t  and gearbox input shaft .  Use o f  a qui 1 1  shaf t  permits consider- 
able freedor; i n  the choice o f  the bearing mount f l e x i b i l i t y  and a l so  minimizes 
the e f fec ts  o f  alignment variances and torque pulsat ions. 
The gearbox housing cons i s  ts o f  a 1 ightweight asset& l y  o f  two halves, 
each o f  cast,  r ibbed construct ion. Housing mater ia l  i s  355 aluminum a l l oy .  
The requirements ;or i ightweight ,  h igh r i g i d i t y ,  and minimum in te rna l  f ree  
volume for  the o i l  are s a t i s f i e d  by t h i s  design. 
The gearbox l u b r i c a t i o n  system i s  designed f o r  operat ion i n  a zero-g as 
we l l  as one-g environment. The concept used f o r  c i r c u l a t i n g  the o i l  m is t  
through the gears and bearings i s  based on :he NASA-sponsored technology 
developed i n  the Brayton cycle program. Some modi f icat ions have been made, 
however, t o  ensure that  the o i l  m i s t  i s  car r ied  throughout the more complex 
gearbox. 
The operat ion o f  the system i s  shown schematically i n  f i g .  5-53. The o i l  
and n i  t rogen gas are separated i n  the gearbox using the a1 ternator  gear as a 
cent r i fuga l  separator. The o i  1 i s  then co l lec ted  i n  the gear scoops and fed 
through the lubr ica t ion  heat exchanger i n t o  two passages tha t  d i s t r i b u t e  the 
o i l  t o  the a l te rna tor ,  bearings, and gear interfaces. The n i t rogen gas is  
separated and fed out through the gear shaf t  i n t o  a n i t rogen gas blower that  
d i s t r i bu tes  the gas through two passages, one t o  the a1 ternator  and one to  
the turbine bearing housing. The n i t rogen mixture from the turb ine housing 
and the a l te rna tor  then enters the gearbox. Each o f  the four gears tha t  
d r i ve  the two pumps must be designed to  c o l l e c t  the o i l - foam mixture and 
d i r e c t  the mixture to  the a l t e rna to r  gear inner d isk.  This i s  achieved by 
minimizing the clearance volume around the gears and loca t ing  tho b a f f  i ing 
so that  each gear w i l l  operate as a drag pump. 
Figure 5-53.--Zero Gravity Lubrication. 
Scavenge punps us lng gears 
as drag punps. A1 l feed 
Into large wheel with 
rotating sunp 
ternator 
Centrifugal separator, 12.000 rpm 
01 to *.,.- l u k  
Test system qearbox.--The tes t  system gearbox w i  11 use many e x i s t i n g  
components. The s t a r t i n g  po in t  f o r  the gedr t r a i n  design was the planetary 
gearbox manufactured f o r  the Lockheed SST-ECS compressor, whi ch was des igned 
and tested t o  operate a t  comparable input speeds a 4  horsepower. Tw? speeds 
were given: a turb ine speed o f  63,000 rpm and a hb!raul ic pump speed o f  5003 
rpm. I n  add i t ion ,  the s ize  o f  the two ABEX hydrau l ic  pumps d i c ta ted  the center 
spacing o f  the two output gears. The input horsepow~r from the turb ine was 
given as 400. These basic  parameters establ ished the gearbox shown i n  the 
general cross sect ion o f  dwg. 581193 and the gear t r a i n  shown i n  f i g .  5-54. 
The f i rst-stage speed reduct ion compri ses an 18-tooth p in ion,  three 54- 
tooth planet gears w i t h  c a r r i e r ,  and a 126-tooth r i n g  gear. This cornbindtion 
provides a reduct ion o f  7:1,  or an output speed o f  9000 rpm. The c a r r i e r  
supporting the planet gears i s  nonrotatinq. An arrangement o f  a c lus te r  o f  
three planets arouna the p in ion  reduces the load on the p in ion  gear teeth, 
and the rad ia l  loads on the  p i n i o n  bearings. This i s  c r i t i c a l  when p in ian  
speeds o f  approximateiy 63,000 rpm are considered. The p i n i o n  i s  supported 
by two b a l l  bearings, preloaded i n  one d i r e c t i o n  by a co i  1 spring. A qcii 1 l 
shaf t  t ransmits the torque from the turb ine t o  i n te rna l  sp l ines i n  the pinion. 
The torque from the p i n i o n  i s  d iv ided between three p lanet  gears tha t  ro ta te  
on bushings about f i xed  p ins  i n  the c a r r i e r .  The planet gears a lso engage the - 
r i n g  gear, made somewhat f i e x i b l e  by i t s  s ~ ~ l l  r ad ia l  thichness and i t s  
extzrnal  sp l ine  connection t o  the  r i n g  gear hub. F lex ib i  l i t y  o f  the r i n g  3ear 
w i l l  compensate f o r  inaccuracies i n  the gear systtam, assuring niore equal load 
sharing between the three planet gears. 
The r i n g  gear hub i s  pinned t o  the 9000-rpm p in ion  and he ld  a x i a l l y  by 
a locknut on the end o f  the shaft .  Torque from t h i s  gear i s  s p l i t  equal ly  
between the two mating gears, and the speed i s  reduced t o  an output rmp o f  
5000 by the too th  r a t i o  o f  55:95. By p lac ing o f  the two output gears symmetri- 
t 
+. c a l l y  about the pinion, the load on the p in ion  bearings becomes neg l ig ib le .  
-< The tw shaft  o f  the output cears are provided w i t h  i n te rna l  spl  ines f o r  
coupl ing t o  two ABEX hydraul ic  pumps. 
As shown i n  f i g .  5-54, the housing f o r  the gearbox i s  nlade o f  two slabs o f  
aluminum jo ined together on the v e r t i c a l  face. A1 l bearings are i n s t a l  led i n  
s tee l  bushings tha t  are bo l ted  and shrunk i n  the aluminum housing and l ine- 
bored i n  place. The s t e e l  planet c a r r i e r  i s  attached to  the t u r b i ~ e  s ide  
aluminum housing, and becomes the basis f o r  the loca t ion  o f  the other  bearings. 
I t  carr ies the high-speed planet bearings and provides support f o r  one o f  the 
9000- rpm pin ion bearings . 
The gearbo~: and the turb ine are lubr ica ted  by an external o i l  supplv 
d is t r ib i r ted  tr, 'ie gears and bearings as shown i n  f i g .  5-55. 0: 1 t o  the high- 
speed tu rb i  r i  a r i  ngs i s  suppl ied from   he gearbox and enters the turb ine 
bearing carrl,, v i a  a coupl ing tube. I n  the turb ine bearing c a r r i e r ,  one j e t  
l u b r i ~ a t e s  each ~ e a r i , i g ,  and the o i  1 i s  returned t o  the sump by means o f  an 






l e f t  o f  f i g .  5-55, f l ow>  through the tube shorn a t  the l e f t ,  and flow. through 
t!le tube ins ide  the 9000-.pm b o l  la; pini.,n s : ~ d f t  t o  the high-speed p i n i on ,  
where i t  j e t s  i n t o  the ho l low q u i l l  s h a f t .  Fr0.n the q u i l l  s h a f t ,  th? u i l  enters 
the t u rb i ne  sha f t  and f lows through a x i a l  grouves under the two b a l l  bear ings 
and b a l l  bear ing spacer to  the s l i n y e r ,   here i t  i s  p u ~ r p d  out  and i n t o  the 
pump. Ui 1 - j e t s  w i  t h i n  the gearbox a re  proklided f a r  l u b r i c a t i n g  the 63,000-rpm 
p in io i , ,  the 9000-rpm gear, and the two bearings supp>rt  i r g  :his geer. The res t  
~f  the bear ing  and gears a re  splash l ub r i ca ted .  The p lane t  bushings are lub- 
r i c a t e d  by i n t e r n a l  passages i n  the p lane t  c a r r i c r  t h a t  feed o i l  t o  the th ree  
s t a t ;  ,nary p ins.  
The two ABEX h y d r a u l i c  pumps :re at tached j t  the gearbox ur ing standard 
dcccssory pads. To prevent o i l  from leak ing i n t o  the pad c a v i t y ,  each sna f t  i s  
f i t t e d  w i t h  a carbon-face-type sea:. 
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SECTION 6 
COMBUSTOR DESIGN AND DEVELOPMENT 
SECTION 6 
COMBUSTION DESIGN AND DEVELOPMENT 
Combus t o r  Des i gn I 
I 1 
. 
The hydrogen-oxygen combustor was des i gned t o  p rov ide  e f f i c i e n t  combust ion 
o f  f u e l - r i c h  gaseous hydrogen-oxygen mixtures. Add i t i ona l  requirements included: 1 
+ i 
( 1 )  Good rnixing w i t h i n  a sho r t  d is tance i 
(2) Wall temperatures compat ib ie w i t h  comnon high-temperature s t r u c t u r a l  
mate r ia l s  
(3)  Operation over a turndown r a t i o  o f  a t  l e a s t  10: 1 
(4) Operation over an ox id ize r - to - fue l  r a t i o  range o f  0.4 t o  0.9 i 
(5) Re l i ab l e  i g n i t i o n  a t  s t a r t u p  w i t hou t  a requirement f o r  sequencing i 
t he  p rope l l an t  f lows 
i 
(6) Capabi 1 i t y  o f  imnediate re1 i g h t  i n  the event o f  flameout f 4 
The combustor designed f o r  the APU-T, i l l u s t r a t e d  i n  f i g .  6-1, meets a ! l  t 
these requ i remen t s  . 5 1 
! 
Fig.  6-2, a cross-sect iona l  view o f  the conibustor, i l l u s t r a t e s  most o f  
the design features.  The p r i n c i p a l  c h a r a c t e r i s t i c s  o f  the  combustor a re  1 i s  t e d  i 
i n  tab le  6-1. I 4 
Oxygen i s  fed i n t o  an annular man i fo ld  i n  the head o f  the combustor su r -  i ? 
rounding the spark p l ug  cav i t y ;  then i t  i s  metered through e i g h t  nozzles 
arranged i n  a c i r c l e  i n  the i n j e c t o r  head and t h a t  discharge para1 l e l  t o  the i 1 
combustor ax is .  A n i n t h  oxygen passage, leading from the oxygen man i fo ld  t o  the i 
spark p lug  c a v i t y ,  i s  descr ibed l a t e r  as p a r t  o f  the i g n i t i o n  system. ! 
f 
Hydrogen i s  fed i n t o  a l a r g e r  annular mani fo ld  i n  the combus t c r  head j u s t  
downstream o f  the oxygen mani fo l , l .  From here,  approximately 40 percent  o f  the 
f low i s  d i r ec ted  i n t o  the coo l i ng  jacke t  (descr ibed l a t e r )  and t he  reamining 
60 percent passes through the e i g h t  annular openings t h a t  surround the oxygen 
j e t s .  Thus, the combustor burner has e i g h t  annular hydrogen-oxygen j e t s  w i t h  
the hydrogen on the outs ide.  The oxygen i s  completely consumed be fo re  i t can 
C came i n  contact  w i t h  any ho t  metal pa r t s .  
The combusted gas mix ture r e s u l t i n g  from the main burner  has a mixed tem- 
perature o f  approximately 2650°R, which i s  too  h i gh  t o  be a1 lowed t o  come i n t o  1 
I 
contact  w i th  uncooled wa l l s .  Therefore,  the combust ion  chamber i s  surrounded 
by a copper 1 i ne r  tha t  has an extended heat t r a n s f e r  su r face  o f  expanded metal 1 f ' f i n s  brazed on i t s  OD ( f i g .  6-1). The p rev ious ly  mentioned coo l i ng  hydrogen ! i 
Figure 6-1 .-- Hydrogen-Oxygen Combustor (Prototype Test  tln i t) . 
Hydrogen i n l e t  
Sparkplug oxygen 
control o s i f  ice 
Annular oxygenJhydrogen 
injector ( t yp  8 ?laces) xygen man i f o  
Combus tor  
out let 
- 
Chamber I lnes 
F-16528 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































f lows past these f i n s  and maintains an a l lowab le  w a l l  temperature on the 
copper l i n e r .  A f t e r  the coo l i ng  hydrogen i s  passed through the f i n s ,  i t  i s  
i n j e c t e d  i n t o  the combusted gas stream t o  prov ide a d d i t i o n a l  m ix ing  and 
f u r t h e r  cool  ing. 
I g n i t i o n  i s  obtained from a spark p l ug  i n  which oxygen gas i s  fed i n t o  
the annulus between the e lec t rode  i n s u l a t o r  and the  spark p l ug  body. This 
oxygen then passes through the spark gap and ou t  i n t o  the combustor. As the 
oxygen passes through the spark, some oxygen molecules are heated t o  a very 
h igh temperature and immediately come i n t o  contact  w i t h  hydrogen molecules 
i n  the combustion chamber. This causes the oxygen j e t  i s su i ng  from the spark + 
p lug t o  i g n i t e  and form a p i  l o t  1 i g h t  f o r  the  remaining j e t s  i n  the combustor. 
There are no spec ia l  p rov is ions  t o  feed hydrogen t o  the  area o f  i g n i t i o n ,  as 
inheren t l y  there i s  s u f f i c i e n t  hydrogen i n  the reg ion because o f  the hydrogen- 
r i c h  atmosphere i n  the combustion chamber. This type o f  i g n i t i o n  system w i l l  
work under s teady-s ta te  f low cond i t i ons  i n  the combustor and does no t  r equ i r e  
any spec ia l  t rans ien t  con t ro l  o f  e i t h e r  o f  the p rope l l an t  gases. 
This type o f  conhustor i s  inheren t l y  capable o f  opera t ion  over  wide pres- 
sure and/or o x i d i z e r - t o - f u e l  r a t i o  ranges. The combustion zones a re  i d e n t i c a l  
i n  p r i n c i p l e  t o  the comnon gas burner j e t  except t h a t  the o x i d i z e r  i s  the in1 
j e t  i n  t h i s  combustor. The length o f  the j e t  increases as the o x i d i z e r - t o - f u e l  
r a t i o  range i s  increased, j u s t  as a gas s tove j e t  increases when the gas ( i nne r  
j e t )  f low i s  increased. Chamber pressure has no e f f e c t  upon the length o f  the 
j e t ,  so combustor opera t ion  e s s e n t i a l l y  i s  independent o f  chamber pressure 
t h  roughou t the des i red reg ion o f  ope r a t  ion.  
The combustor i s  made e n t i r e l y  o f  type 347 co r ros i on - res i s t an t  s t ee l  ex- 
cept f o r  the copper l i n e r  assembly. The p ro to type  t e s t  u n i t ,  i l l u s t r a t e d  i n  
f i g .  6-1, was b u i l t  i n  several  p ieces and b o l t e d  together  t o  f a c i l i t a t e  exami- 
na t ion ,  mod i f i ca t i on ,  and assembly. Th is  u n i t  i s  t o  be reworked as shown i n  
f i g .  6-2 and welded o r  brazed together  so the combustor body and man i fo ld  a re  
a one-p iece assembly. 
Combustor Test Resul ts 
The combustor was tes ted  ir! accordance w i t h  the combustor t e s t  p l an  ex- I 
cept as  noted herein. The o n l y  hardware m o d i f i c a t i o n  requ i red  dur ing  the en- 
t i r e  t e s t  program was t o  reduce the spark gap from 0.035 t o  0.015 in. t o  o b t a i n  1 
a  spark a t  the h igher  opera t iona l  pressures (200 t o  300 ps ia  be fo re  i g n i t i o n ) .  
The combustor met a l l  design performance requirements. i t 
Nozzle f l ow coe f f i c ien t . - -The  f low c o e f f i c i e n t  o f  the  combustor nozz le  
was determined by f l ow ing  hydrogen gas through the combustor and c a l i b r a t i n g  
I t  aga i n s t  the NASA-suppl i e d  ven tu r i  PN V6 (0.2725 x 0.0680). The experiment- * 
a1 l y  determined f l ow  c o e f f i c i e n t  o f  0.993 was used i n  subsequent data analyses. 
I n jec to r  pressure drops.--The i n jec to r  pressure drops were measured and 
found to  meet the design object ives. Also, the f low s p l i t  between the hydrogen 
in jec tors  and the cool i ng  jacket was found t o  be 35 percent through the cool ing 
jacket. The design ob jec t i ve  was 40 percent, bu t  since the l i n e r  temperature 
remained less than ~ O O O F ,  t h i s  coolant f low ra te  was considered t o  be s u f f i c i e n t .  
Operational envelope.--The combustor was ign i ted  and perf~rrnance tested 
over a range tha t  exceeded the spec i f ied  operat ional envelope o f  the t e s t  p lan,  
as shown i n  f i g .  6-3. The three tes t  p lan  curves represent 1.5, 5.0, and 15.0 
lb/min t o t a l  propel lant  flow rates. 
L iqh t -o f f  1 i m i  ts.--The combustor o r i g i n a l l y  was f i t t e d  w i t h  a spark p lug  
w i t h  0.035-in. electrode gap. Using t h i s  plug, i t  was found tha t  the combustor 
f a i l e d  tb i g n i t e  a t  unl i t -chambei piessures in-excess o f  240 psia. A review 
o f  Pashen's Law, which describes the re la t i onsh ip  between the breakaown poten- 
t i a l  o f  a spark gap as a funct ion o f  the pressure-distance mu l t i p le ,  ind icated 
tha t  a gap o f  0.035 in. was indeed too great. Therefore, a spark p lug w i t h  a 
0.015- in. gap was used during the March 13, 1973 tests ,  and successful i g n i t i o n  
was achieved under a l l  condit ions attempted. A sumnary o f  these condit ions i s  
presented i n  f i g .  6-3 , which shows s u c c e ~ , i f u l  i g n i t i o n  a t  po in ts  completely 
surrounding the APU operat ional envelope. The t yp i ca l  design po in ts  p l o t t e d  
i n  f i g .  6-3,were taken from a compilat ion o f  system computer runs made on 
December 7, 1972 t o  describe the operat ion o f  the p-esent ly def ined APU. 
Charac ter is t i c  v e l o c i t y  (C+:) .--The r i a r a c t e r i s t i c  v e l o c i t y  as determined 
by the t e s t  data i s  shown i n  f i g .  6-4. Charac ter is t i c  ve loc i t y  was determined 
by the equa t ion: 
where: A = geometric area o f  th roa t ,  sq in. 
9 
fTR = inf luence fac to r  cor rec t inq  f o r  change i n  th roa t  area 
caused by metal temperature change dbr ing f i r i n g  
This i s  p l o t t e d  against a background curve o f  theore t ica l  C* provided by NASA 
f o r  propel lant  i n l e t  temperature o f  530°R. 
C* eff iciency.--The C2: e f f i c i ency ,  ca lcu lated from t e s t  data i s  shown 
i n  f igs. 6-5 and 6-6. I n  f i g .  6-5, Ca e f f i c i e n c y  i s  p l o t t e d  as a funct ion o f  
ox id izer - to - fue l  r a t i o  and i n  f i g .  6-6 as a funct ion o f  chamber pressure. 
Neither parameter appears t o  have an appreciable ef fect  upon the chamber 
performance. 
Typica l  design po in t s  
0 Successful i g n i t i o n  
0.015-in. gap 
A Fai I ure t o  i gn i t e  (none) 
0.035-in. gap 0 Successful i g n i t i o n  
8 F a i l u r e  t o  i g n i t e  



































0 -  
O/F S-81349 
17,000 v o l t s ,  50 sparks/sec, 5 m i  1 li joules/spark,  0.015-in gap 





i '' 1 

























c 0  0 
0 0  
0 '  
. 





operat ional  I 
enve 1 ope 




0 1 ' 
0 0 
0 r 




Figure 6-4.--Characteristic Velocity, 
O/ F 5-81348 
Figure 6-5.--Combustion Ef f ic iency  as a Function o f  Oxidizer/Fuel.  
0 100 200 300 400 500 
Chamber pressure,  psi a 5-81350 
Figure 6-6.--Combustion E f f i c i e n c y  as a Function o f  Pressure. 
. f f i c i enc  .--The C;'; ef f i c iency ,  ca lcu lated from t e s t  data, i s  shown 
-6 i n  f i g s  . I n  f i g ,  6-5, C;? e f f i c i ency  i s  p l o t t e d  as a funct ion o f  
ox id izer - to - fue l  r a t i o  and i n  f i g .  6-6 as a funct ion o f  chamber pressure. 
Neither parameter appears t o  have an appreciable e f f e c t  upan the chamber 
performance. 
Chamber wal 1 temperature.--During a1 1 runs the combustor nozzle metal 
temperatures were recorded. A f te r  each run p r i o r  t o  March 13, 1973, the unin- 
sulated po r t  ion o f  the combustor wa l l  was observed and the heat- induced dis- 
co lo ra t  ions indicated uniform heat ing o f  the wa l l  downstream o f  the copper 
1 iner. The near- the-wall thermocouple o f  the temperature p r o f i l e  tes ts  ind i -  b 
cated no hot zones throughout the f i v e  locat ions o f  ro ta t ion .  The t i p  o f  the 
R 
copper 1 iner  was coated w i t h  The -midex pa in t  during the February 2, 1973 tes t  
sequence and observations o f  the co lo r  pa t te rn  on several occasions during the 
tert. seqtlence indicated uniform heat ing and a maxi;:um 1 i ner temperature greater 
than 770°R and less than 900°F. This includes operat ion w i t h  the average tern 
perature o f  19030F ( the average o f  the four gas stream temperature p r o f i l e  
thermocouples). 
Gas stream temperature prof i le . - -The gas stream p r o f i l e  was mapped by 
means o f  four thermocouples located 4.25 in. downstream o f  the in jecto;~.  Dur- 
ing the tes t  sequence the i n jec to r  head and copper 1 iner  were rotated through 
f i v e  c i r c u r f e t e n t i a l  pos i t ions  t o  provide f o r  twenty terr ra tu re  data po in ts  
under each t e s t  condit ion. These resu l t s  showed tha t  the combustor and cool ing 
gases were we l l  mixed by t h i s  point.  
SECTION 7 
SYSTEM HEAT EXCHANGERS 
SYSTEM HE I EXCHANGERS 
The heat exchanger speci f icat  ions resu l t ing  from the prel iminary design 
system analys i s  are presented below. The regenerator and preheater are ident i- 
c a l .  The hydraulic and lube o i l  coolers are a lso ident ica l .  
Spec i f i ca t i on  
SSkPU Lub r i ca t i ng  and Hydrau l i c  O i l  Cocler 
FUNCTION 5- 1-73 
This  heat exchanger i s  u t i l i z e d  i n  two d i f f e r e n t  app l i ca t i ons  i n  the 
SSAPU p rope l l an t  condi t i o r z i n g  system. The u?e o f  one heat  exchayo r  f o r  two 
d i  f f e r c r i t  appl i ca t i ons  was d i c t a t ed  by economic con- 1 + c r ? t l m s .  The fubr i  <a- 
t i n g  and h y i r a u l i c  o i l s  a r e  cooled i n  order i o  ma in ta in  acceptable gearbox 
and hydraulic pump temperatures. The heat s i nk  i s  hydrogen which has been 
condi t i  oned t o  an acceptable temperature leve l  by the  prehearer and the regen- 
erator .  
DESIGN POINT 
Table 7 -1  l i s t s  the  heat t r a n s f e r  design p o i n t  f o r  the  lube/hydraul ic  
cooler  design shown on drawing L-198787. The design p o i n t  was es tab l i shed  
by system analysis,  and represents a hyd rau l i c  o i l  opera t ing  cond i t i on .  Th is  
design i s  adequate f o r  a l l  l u b r i c a t i n g  and hyd rau l i c  o i l  opera t ing  po in ts .  
TABLE 7-1 
LUBE/HYDRAULIC COOLER HEAT TRANSFER DESIGN POINT 
F l u i d  
Flow rate, IS/min 
I n l e t  temperature, OR 
Ou t l e t  temperature, OR 
I n l e t  pressure, ps i a  
Core pressure drop, ps i  
Ef fect iveness 
Duct diameter, in .  




















Thc lube/hydraul ic  cooler  i s  a tube and s h e l l  rrtult ipass c r o s s f l w t  heat 
~ , \ i ! ~ a n q ~ ~ . .  I n  both conf igurat ions,  the o v e r a l l  f low d i r e c t i o n  i s  c o u n t r r f  1624. 
The heat exchanger. as sklwn on drawing L-198787, has the f o l l ~ k t i n g  ccrre 
i lea )c. t I-y . 
Nur~ber o f  tubes 120 
Tube d id- ie ter  0.125 i n .  00  
Tube wa 1 1 t h i  chness 0.006 in .  
Tube des i Frla t i cn 
I n s i d e  
Outside SLI  25025 
The hydrogen i ns i de  the t ~ b e s  nakes a s i ng l e  pass through the heat 
exchanger. and the she1 1 s ide  f l u i d  f lows across the tube bundle four  t i - es .  
PERFORMANCE 
Figure 7-1 presents  t he  hydrogen pressure drop o f  t h e  heat exchanger and 
Figure 7-2 presents the sanc in fo rmat ion  f o r  the o i l  side. These pressure drops 
d~ ~ c t  account f o r  i n l e t  and o u t l e t  n a n i f o l d  losses, and a re  thus represecta- 
t i v e  o f  core and i n t e r n a l  t u rn i ng  lcsses only.  H a n i f c i d  l c ss r s  a re  a c c ~ u r , t e d  
f;r i n  the systec-, progran as a p o r t i o n  o f  the  duc t ing  i css rs .  f i gu res  7-3 and 
7-4 present the  .heat t r a n s f e r  conductance f o r  the  hydrogen and o i l  s ides respcc- 
ti.:el,. The syster  progrp-# evaluates these conductances as a f unc t i cn  c f  
f l a ~ .  ccrrrects then f o r  te rpera tu re  and pressure dependent v a r i a t i o n s  i n  
p'lysi ca l  p roper t ies ,  and then conbines the cc r rec ted  :onductancrs cc the tzrr. 
s i  des i n t o  an overal  l heat t r ans fe r  conductance f o r  the  heat  exchanger a t  t ?e  
p a r t i c u l a r  operat ing po in t .  Th is  o v e r a l l  heat t r ans fe r  conductance, and tb:e 
r a t i o  o f  the weight f l ow -spec i f i c  heat products un iquely  de te r r i ne  the  per-. 
fcr;ance o f  the heat exchanger. When used as the lube c i l  c sc l e r  the  s l s t e -  
oroarar  a l s c  ccirrects the o i  1 s ide values t c  account f c r  the d i f f e r ? n t  c i  1 .  
The AiResearc5 therf ia l  analyzer  p r o g r r r  +as been u t i  l i z e d  t c  e x a r i r r  i- 
"eta; 1 the  operat ing condi t i  25s o f  the lube/ tydraul  i c  c c ~ l e r .  Tkrc r,odal - cce l  r 
were u t i  1 ized. each w i t h  a t o t a l  o f  198 nodes; one -cdel vtas e r p l t y e d  ftt t - e  
l be o i  1 corf  i curat ion,  and t+e other  f o r  t r e  hydrau l i c  appl i catior.. Stead; 
s t a t e  operat ing cond i t i ons  I4 and 156 Uere ma-iced afid t9e r e s u l t s  ve'i f i e d  
t"l eerfor-.ante and pressure drop p red ic ted  by the syster  cs-putec p r q - a -  
from Figures 7-1 t h r u  7-4. The r e s u l t s  of the thermal analyzer  study were a l s o  
e ti I ;zed t o  de f i  ,:e the s t r u c t u r a l  requi re ren ts  c f  t?e heat exctargct,-  a r t  c-, 
ersdre t ha t  no loca l  t e ~ p e r a t u r e s  cccur t + a t  ;.tculd lead tci  cocgeal i:g s f  t -e  
c i l .  
HYDROGEN FLOW, LB/HIN 
Figure 7-1. Hydrogen Pressure Drop, SSAW 
Lubricating and Hydraulic O i l  Cooler 
MIL-H-83282 HYDRAULIC OIL FLOW, LB/MIN 
Figure 7-2. O i  I Pressure Drop, SSAPU 
Lubricating and Hydraul tc 011 Cooler 
0.4 0.60.8 1.0 2 3 4  6 8 1 0  20 30 40 60 80 ,00' 
HYDROGEN FLOW, LB/MIN 
Figure 7-3. Hydrogen Heat Transfer Conductance, SSAPU 
Lubricating and Hydraul i c  O i l  Cooler 
2 3 6 6 8 10 20 30 40 60 80 100 
MIL-H-83282 HYDRAULIC OIL FLOW, LB/MIN 
Figure 7-4. 0 11 Heat Transfer Conductance, SSAPU 
Lubricating and Hydraulic O i l  Cooler 
Although the heat t ransfer  design po in t  i s  def ined by a hydraul ic  o i  l 
operat ing condi t ion, the most severe s t ruc tu ra l  envi ronment occurs when the 
heat exchanger i s  operated as the lube o i  l cooler. Although operat ing po in ts  
e x i s t  w i t h  higher hot f l u i d  i n l e t  temperatures than Condit ion 14, temperature 
level  alone i s  not the determining fac tor  o f  s t ress level .  The combination 
o f  flow, temperature, and mat r ix  temperatures f o r  lube o i  1 cooler operat ion 
a t  Condition 14 ind ica te  the worst thermal stress condition, and thus the 
uni t, which has been stressed t o  these levels, wi l l be adequate a t  a l l  other 
operat ing points. The s t ruc tu ra l  design po in t  i s  l i s t e d  i n  Table 7-2. 
TABLE 7-2 
LUBE/HY DRAULI C COOLER STRUCTURAL REQUIREMENTS 
L i fe :  1000 S t a r t  Stop Cycles 
Material :  347 Stainless Steel 
Operating Condi t ions:  
Hot Side Cold Side 
F l u i d  
Flow rate, Ib/min 
I n l e t  temperature, O R  
Out le t  temperature, OR 




SSAPU REGENERATOR AND PREHEATER 
FUNCTION 
This heat exchanger i s  u t i l i z e d  i n  two d i f f e r e n t  app l ica t ions  i n  the 
SSAPU propel lant  condi t ioning system. The use o f  one heat exchanger f o r  two 
di  f ferent  appl i ca t ions  was d ic ta ted  by economic considerations. The preheater 
warms the cryogenic hydrogen t o  an acceptable temperature leve l  such that, 
a f t e r  passing through the regenerator, the hydrogen represents an acceptable 
temperature heat s ink  f o r  the hydraul ic  o i  1. The heat source for  the pre- 
heater i s  hot  hydrogen from the recuperator. The regenerator cools the 
hydrogen a f t e r  i t  has absorbed the hydraul ic  heat load, so t h i t  i t i s  a t  a 
su i tab le  temperature level  t o  cool the lube o i  I. The heat s ink  I n  the regen- 
era tor  i s  the hydrogen o u t l e t  from the preheater. 
DESIGN WINT 
Table 7-3 l i s t s  the heat t rans fer  design po in t  f o r  the preheater/regenerator 
design shown on drawing L-198786. The design po in t  was establ ished by system 
aoal ysi s, and represents a regenerator operat ing condit ion. This design i s  
adequate f o r  a l l  preheater and regenerator operat ing points. 
TABLE 7-3 
PREHEATER/REGENERATOR HEAT TRANSFER DESIGN WINT 
Cold Side Hot Side 
F l u i d  
Flow rate, Ib/min 
I n l e t  temperature, OR 
Out le t  temperature, OR 
I n l e t  pressure, ps ia 
Core pressure drop, ps i  
Effectiveness 
Duct diameter, in. 


















The preheater/regenerator i s  a tube and she l l  mult ipass crossf low heat 
exchanger. I n  the preheater configurat ion, the ove ra l l  f low d l  rec t i on  i s  
counterf low, whereas i n  the regenerator appl i c a t i  on, the uni t i s  operated i n  
p a r a l l e l  flow. The heat exchanger, as shcwn on drawing L-198786, has the 
f c \ l  lowi ng core geometry. 
Number of tubes 83 
Tube diameter 0.125 in. OD 
Tube wa l l  thickness 0.008 in.  
Tube des i gnat i on 
Ins ide  
Outside 
The hydrogen ins ide  the tubes makes a s ing le  pass through the heat 
exchanger, and the she l l  side hydrogen flows across the tube bundle s i x  timos. 
One header p l a t e  i s  fixed, and the other incorporates a s l i d i n g  j o i n g  which 
el iminates thermal expansion problems. 
PERFORMANCE 
Figure 7-5 presents the hydrogen pressure drop o f  both sides o f  the heat 
exchanger. These pr~aa;-e drops do not account f o r  i n l e t  and o u t l e t  manifold 
losses, and are thus representat ive of core and i n te rna l  tu rn ing  losses only. 
Mani fo ld losses are accounted f o r  Tn the system program as a po r t i on  9 f  the 
ducting losses. Figure 7-6 presents the heat t rans fer  conductance foe hydrogen 
f lcwing on the two sides o f  the heat exchanger. The system program evaluates 
these conductances as a funct ion o f  flow, corrects them f o r  temperature and 
pressure dependent var ia t ions  i n  physical properties, and then combines the 
corrected conductances on the two sides i n t o  an ove ra l l  heat t rans fer  conduc- 
tance f o r  the heat exchanger a t  the p a r t i c u l a r  operat ing point .  This overa l l  
heat t ransfer  conductance, the r a t i o  o f  the wei h t  f low-specif  i c heat products, 
and the f low conf igurat ion (pa ra l l e l  o r  counter uniquely determine the per- 
formance o f  the heat exchanger. 
7 
DISCUSSION 
The AiResearch thermal analyzer 3rogram has been u t i l i z e d  t o  examlne i n  
detai 1 the operat ing condi t ions o f  the preheater/regenerator. Two nodal models 
were u t i l i zed ,  each w i t h  a t o t a l  o f  222 nodes; one model was employed fo r  the 
preheater (counterf l w )  configurat ion, and the other f o r  the regenerator 
( p a r a l l e l  f low) appl icat ion.  Steadv s ta te  operat ing condl t lons I I  and I S B  
were examined and ti le resu l t s  v e r i f i e d  the performance and pressure drop pre- 
di cted by the system computer program from Flgures 7-5 and 7-15. The resu l t s  of 
the thermal analyzer study were a l so  u t i  l i z e d  t o  def ine the s t ruc tu ra l  require-  
ments o f  the heat exchanger. 
HYDROGEN FLOW RATE, Li)/HIN 
Figure 7-5. Pressure Drop o f  SSAPU ?rehhater/RQ~nsrator 

A 1  though ttse heat t ransfer  design po in t  I s  defined by a regenerator 
operat ing condi t~ ?n, the most severe s t ruc tu ra l  envf ronments occur when the 
heat exchanger i s  oprrated as the przheater. I n  de f in ing  the s t ruc tu ra l  
operat ing condi tions, no-bypass opera:' 12 points were not considered. Although 
bypass operat ing po in ts  e x i s t  w i t h  n l g  ?r hot  f i u i d  i n l e t  temperatures than 
Condition 14, temperature level  alone i s  not the determining fac tor  o f  stress 
level .  The c m b i  nat ion o f  f luw, temp~ratvre,  and mat r ix  tenperatures fo r  
preheater operat ion a t  Condit ion I 4  !?dlcate the worst condit ion, and thus the 
un i t ,  which has been stressed t o  these levels, w i l l  be adequate a t  a l l  other 
q ~ e r a t f n g  points.  The s t ruc tu ra l  design po in t  i s  l i s t e d  i n  Table 7-4. 
TABLE 7-4 
PREHEATER/REGENERATOR STRUCTURAL REQUIREMENTS 
L i f e :  1000 S t a r t  Stop Cycles 
Mater ia l :  347 Sta ln less  Steel 
Operating Conditions: 
Hot Side Cold Side 
F l u i d  Hydrogen Hydrogen 
Flow rate, lb/min 7.693 8.331 
I n l e t  temperature, OR 1152 55 
Out le t  temperature, OR 675 626 
I n l e t  pressure, ps ia  600 600 
SPECIFICATION 
SSAPU TEFPERATUSE EQUAL12 ER 
FUNCTION 5-1 -73 
The hydrogen-oxygen temperature equa l i ze r  func t ions  t o  b r i n g  the tempera- 
t u r e  o f  the two p rope l l an t  f lows t o  nea r l y  the same l eve l  a t  the i n l e t  t o  the 
p rope l l an t  f l ow con t r o l  valves. Th is  component tends t o  reduce the turndown 
r a t i o  requi red f o r  the  reference APU system and may thereby f ac i  I i t a t e  system 
con t ro l  l eb i  t i  t y .  A vented b u f f e r  zone i s  prov ided between the hydrogen and 
oxygen passages, thus o rec lud ing  m i x i ng  o f  the two f l u i d s  i n  the u n l i k e l y  
event o f  a leak i n  one ?f the f l u i d  passages. 
DESIGN POINT 
Table 7-5 l i s t s  t he  heat t r a n s f e r  des ign p o i n t  the temperature equa l i ze r  
design shown on drawing 159580. The design p o i n t  w .ab!ished by system 
analysis,  and the r e s u l t i n g d e s i g n  i s a d e q u a t e  for i ? r a t i n g c o n d i t i o n s .  
TABLE 7-5 
TEMPERATURE EQUALIZER HEAT TRANSFER DESIGN POINT 
Cold Side Hot Side 
F l u i d  
F l w  rate, Ib/min 
I n l e t  temperature, OR 
Out l e t  temperature, OR 
I n l e t  pressure, ps i a  
Core pressure drop, ps i  
Duct diameter, i n .  
Oxygen Hydrogen 
6.034 8.422 
300 707. Y 
661.6 , 688.6 
674.6 507.4 
1 .50 8.16 
0.5 1 .O 
Tora l  Heat Transferred, Btu/n~i  n 569 
The s t r u c t u r a l  design p o i n t  Is l i s t e d  i n  Table 7-6. This c o n d i t i o n  represents 
the wors t  case combination o f  pressures and temperatures. The equal i z e r  has 
been designed to wi thstand the condi t i ons  of Table 7-6. 
DESCRIPTION 
The temperature equa l i ze r  i s  an annular p l a t e  f i n  heat exchanger. Three 
concentr i  c f i nned  passages a re  provided. The i nner passage c a r r i e s  the oxygen, 
and the ou te r  the hydrogen. The midd le  passage separates the two f l u i d s  and 
TABLE 7-6 
TEMPFraAT'JRE EQUALIZW STRUCTURAL DESIGN POINT 
L i f e  
Mate r ia l  
Hydrogen s i de  opera t ing  pressure 
Hydrogen s ide  p roo f  p re r  i u r e  
Oxygen s ide  opera t ing  pressure 
Oxygen SI de p roo f  pressure 
Hydrogen i n l e t  temperature 
Oxygen i n l e t  temperature 
Hydrogen ou t  l e t  temperature 
1000 s t a r t  stop cyc les 
347 s t a i n l ess  s t ee l  
700 p s i g  
1350 p s i ?  
900 p s i g  
1350 p s i g  
703 - l l OO'R 
275 - 5 6 0 ' ~  
680 - 1 1 0 0 ' ~  
Oxygen ou t  l e t  temperature 650 - 1 1 0 0 ' ~  
i s  vented, thus p rov i d i ng  a b u f f e r  zone between the  two h i g h l y  r eac t i ve  f l u i d s .  
The f i n  des ignat ion i n  the three passages i s  l i s t e d  bc.10~:  
Oxygen f l n 28R-0.100-0.1 (0)-.006 
Bu f f e r  f i n  28R-0.040-0.1(0)-.006 
Hydrogen f i n  12R-0.125-0.5(0)-,006 
$ The heat exchanger i s  const ructed o f  s t a i n l ess  s tee l ,  w i t h  the  exc tp t i on  o f  
I the heat t r ans fe r  f ins ,  w h i c : ~  a r e  formed from copper. Th i s  f i n  ma te r i a l  was 
- se lec ted  from thermal performance op t im i za t i on  cons iderat ions.  
-. 
, PERFORMANCE 
Figure 7-7 presents the  prossure drop c h a r a c t e r i s t i c  o f  both 5iCss o f  the 
heat exchanger. F igure 7-8 presents  the corresponding b a t  t r a n s f e r  snductanccls. 
The b u f f e r  passage conduct ion res is tance  has been combined wi t h  the oxygen 
conductance. These curves represent the performance and pressure o,ap u t i l i z e d  
by the system performance program. 
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Figure?-7.  Isothermal PressureDrop,SgPU . .  
Temperature Equal lzer 
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Figure 7-3. Heat Transfer Conductance, APU 
Temperature Equal irer 
PRELIMiNARY SPtC IFICATION 
SSAPU RECUPERATOR 
FUNCTION 
This  heat exchanger operates w i t h  hydrogen on t h e  co ld  side and t u r b i n e  
exiiaust gas on the  hot s ide. I t  serves t o  p rov ide  s u f f i c i e n t  heat input  i n t o  
t h e  cyc l e  f o r  o ropc l l an t  thermal cond i t i on i ng  and t o  improve cyc l e  thermal 
e f f i c i e n c y  by recover ing waste heat f rom t h e  t u r b i n e  exhaust. 
DESIGN REQUIREMENTS 
Table 7-7 l i s t s  the design point for the heat exchanger design sham 
i n  Drawing No. L-198783. This  design p o i n t  was es tab l i shed  by system analys is !  
a ~ ~ d  the r e s u l t i n g  design i s  adequate f o r  a1 i opera t ing  po in ts .  
TABLE 7-7 
RECUPERATOR DESIGN POINT 
Cold Side Hot Side 
F l u i d  Hydrogen Hydrogen- St earn 
(60-40 by Mass) 
Flow rate,  Ib/rnin 8.43 14.67 
I n l e t  temperature, OR 
Ou t le t  temperature, 
I n l e t  pressure, ps i a  
Core pressure drop, p s i  
E f f e c t  iveness 
Duct diameter, in.  I .O 4.0 
To ta l  heat t rans fe r red ,  Btu/min 18,059 
* Minimum a1 lowable o u t l e t  temperature = 700'~ 
DESCRIPTION 
The recuperator i s  a bax and U-tube design, as shown i n  Drawing NO. 
L-198783, w i t h  t h e  fo l lowing core geonretry: 
Number o f  tubes 768 i 
Tube d iametcr 0.125 in. 00 I 
Tube wa l l  thickness 3.010 in. 1 





The exhaust gas from the tu rb ine  flows i n  a s ing le  pass through the s h e l l  
side o f  t he  heat exchanger. This minimizes the  oressure drop i n  the exhau.:t 
gas stream. The hydrogen flows i n  cross counterf low through the  tubes o f  t i le 
u p i t .  This f low arrangement allows the box s t ruc tu re  t o  be l i g h t l y  pressure- 
loaded by the exaust gas and the h igh pressure hydrogen i s  contained ~ i t h i n  
the tubes o f  the heat exchanger. 
PERFORMANCE B - 
Figures 7-9 and 7-10 present the corrected pressure drop o f  the exhaust pro- 
ducts and hydrogen side, respectively. These pressure drops dc not account f o r  
i n l e t  and o u t l e t  manifold losses, and are thus representat ive of core loss 
only. Manifold losses are accounted f o r  i n  t he  system program as a por t  ion of 
the duct ing losses. Figures 7-11 and 7-12 present the heat t rans fe r  conductance 
f o r  the exhaust gas and hydrogen sides o f  t he  heat exchanger, respect ively as 
a funct ion o f  flow. The system program evaluates these conductances as a 
func t ion  o f  flow, corrects them f o r  +emperature and prcscure dependent varr-  
at ions i n  physical propert ies, and .nen combines the  conductances on the  t w o  
sides i n to  ar, overal l heat t rans fer  conductance f o r  the  recuperator a t  the  
pa r t i cu la r  operat ing point .  This ove ra l l  heat t r ans fe r  conductance and the 
r a t i o  o f  the  weight f low-specif i c  heat products uniquely determine the  per- 
formance o f  t he heat exchanger. 
D ISCUSS ION 
Tbs AiResearch thermal analyzer program has been u t  i l i zed t o  examine i n  
d e t a i l  the operat ing condit ions of t he  recuperator. A nodal model u t i l i z i n g  
144 metal and f l u i d  nodes was used. The steady s t a t e  operat ing condi t ions 
examined were numbers 14 and 150. I n  add i t  icn, t he  s t a r t  t rans ien t  was ex- 
amined. The res i l i t s  o f  these s t u d i , ~  v e r i f i e d  the  performance and pressure 
drop predicted by the  system computer prcqrafit from Figures 7-9 through 7-12. The 
resu l ts  of the thermal analyzer study were a lso  u t i l i z e d  r o  de f ine  the  st ruc-  
t u r a l  requirements o f  the  heat exchanger. 
EXHAUST PRODUCTS FLOW, LB/MIN 
F f  gure 7-9. Exhaust Products Pressure Drop of Recuprator 
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Figure 7-10. Hydroger. Pressure Drop o f  Retttperator 


The nodal model indicates that  a l  l metal temperatures are above 700'~  at 
condi t ion 156, and thus no water w i l l  be condensed from the  exhaust products. 
At cond i t ion  14, approximately 12 percent o f  the  mat r ix  i s  below ~OO'R,  end 
thus some condensation w i l l  occur. This condi t ion w i l l  not impose operat ing 
penalt ies, and cannot cause freezeup on shutdown. The condensation occurs s: 
the e x i t  face o f  the core, and o ~ l y  over one-t h i  r d  o f  t he  tube length. The 
\vat e r  condensc -I w i  l l be imnediatel y  car r ied  downst ream, and thus cannot f i l I 
the core. I n  addit ion, t h i s  operat ing condi t ion represents sea 1ev-l f u l l  
power. I n  the u n l i k e l y  event of shutdown from f u l l  power, the residual water 
w i l l  not be exposed t o  the hard vacuum of space and the  attendant f l ash  freez- 
ing. 
Thus the  recuperator pre l iminary design presented here i s  adequate i n  
a l l  respects f o r  the intended appl icat ion.  
Test Sys tem Heat Exchangers 
This sect ion sumnarizes the analyses performed t o  assure adequate per- 
formance and s t ruc tura l  i n t eg r i t y  f o r  the s i x  heat exchangers contained i n  the 
system. Each o f  two o f  the heat exchangers i s  u t f l  ized i n  two separate loca- 
t ions i n  the system, which was made possible by . j im i l a r i t y  of requirements. 
A l l  heat exchangers were designed to  conform to  the speci f icat ion presented 
i n  t h i s  section. 
System des iqn iterations.--The heat exchangers described i n  t h i  s sect ion 4 
represent the resu l t  o f  many design ita!'ations. To define indfvidual require- 
ments, system operation must be investigated over a wlde range o f  operating 
parameters, Representative heat exchangers are designed and the performance 
calculated. The performzncc cha:.ac:eristics are then lnput t o  the APU system 
program, and many operating corrdltions are investigated. 
As system operating points that  cause undes i table condl t ions are ident I f  ied, 
scaling factors may be u t i l i z e d  t o  modify the calculated heat exchanger per- 
formance. This procedure resul ts i n  a new set o f  heat exchanger requirements. 
The heat exchangers are redesigned, the perfonnance over a wide range o f  con- 
d i t ions calculated, and new inputs prepared f o r  the system program. 
Design procedure.--The design o f  the heat exchangers i s  performed w i th  the 
a id  o f  standard computer programs. The allowable f l u i d  pressure drops and the 
heat transfer required form the basis fo r  the problem statement.   he f l u i d  
flow rates and temperatures and pressures are also required conditions. 
The heat t ransfer  and pressure loss character ist ics o f  the many heat 
exchanger surfaces avai lable a t  A iResearch have been accunulated o ~ r  may 
years o f  t e ~ t i n g .  These data have been complied and are stored 111 computer 
data banks. 
Based on the input conditions, the design computer programs determine the 
heat exchanger required t o  sa t i s fy  the s ingle operating polnt. During t h i s  
design process, many solutions t o  the single-point operat lng condit ion are 
calculated. Each solut ion represents one combination o f  the many heat transfer 
surfaces avai lable, al lowing the most a t t rac t i ve  t o  be selected. 
Once a par t i cu la r  heat exchanger has been selected f o r  a g i w n  appl !cat ion, 
i t s  performance o w r  the f u l l  range o f  operating parameters i s  required. 
Ancther type o f  compdter program, performance predict ion, i s  u t l l  ized t o  gen- 
erate the required information. 
J In  the performance predict  ion computer programs, the geometry o f  the heat 
exchange:- and the pert inent characterist ics o f  the surfaces are input. F lu id  
flow rates and temperature levels may be varied over any range desired. The 
performance a t  each operating condition specif ied i s  calculated end the resul t -  
ing performance map i s  u t  i l ized as lnput t o  the APU system program. 
The next step i n  the des ign procedure occurs a f  to r  the heat exchanger i s  
determined acceptable f o r  a1 1 system operating conditions. Thermal analyzer 
programs are u t i l  ized t o  Invest igate local  phenomena i n  the heat exchanger 
core, such as congeal ing o f  01  1, condensation o f  water from the exhaust pro- 
ducts, and the e f fec ts  o f  flow maldistr ibut ion. In  addit ion, local  temperature 
levels and p ro f i l e s  used t o  determine t h e m 1  stress levels. A t  th ts  stage I n  
the design process, a layout drawing i s  prepared. 
A detai led stress analysis of the heat exchanger as depicted on the layout 
drawing i s  preformed. The conditions investigated include proof and burst 
pressure, gressure cycl ing, flaw-induced vtbrat  ions, and both steady-state and 
4 transient cycl i c  thermal stresses. The heat exchanger i s  modified as necessary 
t o  withstand a l l  imposed loading. 
Upon completion o f  the above design procedures and approval fol lowing a 
design review, the heat exchanger detai 1 drawings are made. 
Lube o i l  hydraul i c  o i l  cooler.--The tes t  system lube/hydraul 1c o i  1 cooler 
-
i s  shown i n  dwg. 159550. I n  t h i s  tube-and-shell, four-pass, cross-counterflow 
heat exchanger, the hydrogen f l w s  inside the tubes, and the o i  1 flaws across 
the tube bundle four times i n  an overal l  counterflow direct ion. The u n i t  i s  
o f  a1 1-stainless-steel brazed and welded construct ion. Since the un i t  does 
not expertence the high temperature gradients o f  some o f  the remaining heat 
exchangers, i t  i s  a more conventional design. This type o f  construct Ion i s  
typ ica l  o f  many 01 1 cool ing heat exchangers manufactured by At Research. 
The hydrogen flaws inside the tubes for pressure containment reasons, and 
the lower pressure o i l s  flow I n  the she l l  side. The tubes are p r i o d i c a l l y  
ring-dimpled f o r  turbulence promotion, and are arranged I n  a staggered pat tern 
w i th  respect t o  o i l  flow direct ion. 
The lube/hydraulic o i l  cooler was modeled i n  de ta i l  i n  the thermal analyzer 
computer program. The nodal model employed i s  presented i n  f i g .  7-13. The 
s teady-s ta te  metal temperatures f o r  two operat ing conditions are presented i n 
tables 7-8 and 7-9. The solutions presented i n  table 7-8 Indicate the condi- 
t ions that .ex is t  when lube o i l  i s  the hot f l u id .  Table 7-9 presents the cor- 
respond i ng i nformat ion when the heat exchanger i s u t  i 1 1 zed to  cool hyd raul i c  
f l u i d .  The i n l e t  conditions, f low and temperature, are taken from the input 
o f  the APU system computer progran?. I n  addl t ion t o  providing the metal tem- 
perature information, the steady-state solutions indicate that  f l u i d  o u t l e t  
temperatures are i n  agreement w i th  the system program. Thus, the detai led 
model fo r  the thermal analyzer has ver i f i ed  the performance predict ions o f  the 
other computer programs u t i l i zed .  
The lube/hydraulic o i l  cooler was s t ruc tu ra l l y  analyzed f o r  pressure test ,  
f tube var i a t  ion, and pressure-thermal cycle 1 i f e  requirements. The design shown 
i n  dwg. 159550 was found sat is factory f o r  the s t ruc tura l  loads encountered 
i n  the lube o i l  and hydraulic o i l  cooling applications. A sumnary o f  stresses, 
margins o f  safety, and cycl i c  1 f fe  f rac t ion  sumnat ion ere given in  table 7-10. 
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2 .  O i  l and hydrogen streams have b cor r~spond ing  number 
o f  nodes 
3 .  O i l  i s  vixed between passes 
Figure 7-13.--Lut: 01 1 and Hydraul 1c F l u i d  Coolers Nodal Model. 
LUBE 0 I L COOLER METAL NODE STEADY-STATE SOLUTl ON 
Condition 14 Ccndition 150 
- 
Fluid conditions 
4113c *'ti. T C N .  NOOC NO. f t Y P o  
1 ~ 4 0 . 0 1  1 5~0.~8 Condition 14: Maximum power, 
2 un2.8ff ? 562.21 sea level, 550% bulk temperature 
1) uRu.77 3 381.27 of hydraulic fluid 
- - 
5 b12mLa 
0 b25.97 H O ~  flow, lb/min 28.5 
7 b36.23 T in, OR 61 1 
e - UQ;~.YT . e ba9.0~ T out, OR 
9 5fi0.56 6 073.63 532 
Cold flow, Ib/min 8 .33  
T in, OR 4 70 
T out, QR 50 8 
Condition 156: i d l e  power, 
a!ti tudg 
Hot flow, l b / m h .  28.5 
T in, OR ' 744 
T out, OR 663 
Cold flow, Ib/min 1.17 
T in, OR 422 
T out, OR 706 




HYDRAULIC FLUID COOLER METAL 

































































1 2 7 . 7 8  
729 a90 
73\obO 
NODE STEADY -STATE SOLUT l ON 
F l u i d  conditions 
Condition 14: Haximum power, 
- 
sea l e v e l ,  550°R bulk temperature 
Hot flow, Ib/min 57 
T i n ,  OR 596 
T Out, OR 539 
Cold f low,  Ib/min 8 . 3 3  
T in ,  OR 460 
T out ,  OR 505 
Condition 158: I d l e  power, 
a l t i t u d e  
Hot flow, I t /min 57 
T i n ,  OR 738 
T out ,  OR 698 
Cold flow, Ib/min 1.17 
T i n ,  OR 397 
T out,  OR 735 
Note: See f i g .  7-13 f o r  node 
-
locat  ions. 
TABLE 7-10 
SUMMARY CF LUBE/HY WAUL I C 0 I L COOLER STRESSES 
"See d iscuss ion on page 7-2. 
"*The cyc l  i c  1 i f e  f r a c t i o n  summat i on  i s  an appl  i c a t  ion  o f  M ine r ' s  r u l e ,  where 
n i s  the  requi red number o f  cyc les a t  a g i ven  appl ied load and N i s  t he  
expected cyc l  i c  1 i fe  a t  t h i s  load. 
Pa r t  names and 
numbers 
Tubes a t  dimples 
Header p l a t e  
Head man i f o l d  
Housing case 
The o i l  coo ler  s t r u c t u r a l  design i s  c o n t r o l l e d  by t he  p roo f  pressure 
requirement o f  300 p s i g  on t he  o i l  s i de  and 900 p s i g  on t he  hydrogen s ide.  
AiResearch computer program X0560 (used f o r  analys i s  o f  she1 1-and-tube heat 
exchangers) was used t o  determine t he  pressure s t resses.  The analys i s  was 
based on pressure t e s t  o f  each heat exchanger f low c i r c u i t  w i t h  t he  o ther  
c i r c u i t  unpressurized. Resul ts o f  the  ana lys is  s h w  t h a t  the  mater ia l  y i e l d  
s t reng th  i s  s l i g h t l y  exceeded a t  t he  center  o f  the header p l a tes  and a r  the 
d i vp les  adjacent t o  the  header p l a tes  i n  tubes c l oses t  t o  the  s h e l l .  These 
stresses are very  l oca l i zed  and a re  considered acceptable. The header p l a t e  
cyci i c  1 i f e  f r a c t i o n  i s  very low and ind ica tes  a h i gh  margin o f  sa fe ty .  The 
tube dimple s t ress  o f  38.7 k s i  resu l ted  from appl i c a t  i o n  o f  a s t ress  concentra- 
t i o n  fac to r  o f  2.5, which was used f o r  the  dimple throughout t he  ana lys is  and 
i s  appropr ia te  f o r  fa t igue  and c y c l e  l i f e  ca lcu la t ions .  However, the  use o f  
t h i s  fac,or i n  the proof pressure s t ress  i s  conservat ive,  and on t h e  bas is  o f  
experience, the tubes are considered s t r u c t u r a l l y  s a t i s f a c t o r y .  
Des i gn cond i t i on  
Proof pressure, 
900 p s i  
V i  b ra to ry  
Pressure-thermal 
cyc l  ing  (1000) 
Proof pressure, 
900 p s i  
Pressure-thermal 
cyc l  ing  (1000) 
Proof pressure, 
900 p s i  
Pressure thermal 
cyc l  ing  (1000) 
Proof  pressure, 













k s  i 
32.0 t x p i c a l  
a t  150 F 
32.0 
32 -0  
32 .O 











Calculated fa t igue damage r e s u l t i n g  from 1000 ~ressure- thermal  cycles and ? v i b ra to ry  loading indicates a h igh  margin o f  safety f o r  the o i  1 cooler. Acoust ic 
11oise and tube v i b r a t i o n  leve ls  f o r  t h i s  u n i t  are low. .~~ 
Recuperator.--The reciiperator, shcmn i n  dwg. 159560, i s  a tubular two-pass. 
cross-counterf  low das ign  o f  a1 i s ta in less  s tee l  brazed and welded cons t r i i t t  ion. 
The h o t - f l u i d ,  turb ine exhaust products f low across the tubes once t o  minimize 
pressure drop, and the hydrogen makes two passes through the tubes. Due t o  the 
large pressure and temperature d i f f e r e n t  i s l s  between the two f l u i d s ,  a U-tube 
design was selected t o  minituite thermal stresses. 
The tubes are dimpled p e r i o d i c a l l y  i n  the s t r a i g h t  heat t rans fer  sections 
t o  promote tctrtuience i n  the hydrogen. The U-bends are not dimpled. With t h i s  
arrangement, the ma jo r i t y  o f  the pressure drop occurs i n  the dimpled sect ions, 
and the unequal flaw lengths i n  the U bends do not  adversely a f f e c t  flow d i s -  
t r i b u t i o n .  The t ~ b e s  are arranged i n  a staggered pat te rn  w i t h  respect t o  
exhaust gas f low so tha t  there i s  d i r e c t  impingement on every tube, thus maxi- 
mizing the heat t rans fer  coe f f i c i en t .  Five sound suppression b a f f l e s  i n s t a l l e d  
i n  the u n i t  t o  e l im ina te  acoust ic noise caused by vor tex shedding from the 
ind iv idua l  tubes. 
Since the recuperator experiences the most severe high-temperature 
thermal environment o f  any heat exchangers i n  the system, the thermal analyzer 
computer program was u t i l i z e d  t o  inves t iga te  both steady-state and t rans ien t  
operat ing condit ions. Themodel u t i l i z e d  i s  presented i r ~  f i g .  7-14. I n  
add i t ion  t o  the nodes, t h i s  model a lso  u t i l i z e d  sect ions. The average temper- 
ature of  each sect ion and the sect ion- to-sect ion temperature d i f ferences a re  
o f  prime in te res t  i n  the U-tube design. These values d i c t a t e  the d i f f e r e n t i a l  
thermal expans ion, and thus the bending s t r e s s s .  The resul t s  1 i s t  sect ion 
temperatures i n  add i t ion  t o  the node temperatures a t  the end o f  each sect ion. 
Table 7-11 presents the metal mat r ix  temperatures f o r  two steady-state 
operat ing condit ions. These condit ions represent the extremes o f  operat ion, 
f u l l  power and i d l e .  
The sea leve l  maximum power cond i t ion  indicates tha t  the metal temperatures 
i n  approxirnately 6 percent o f  the core are  such tha t  condensat ion o f  water may 
occur. This i s  not considered a serious cond i t ion  beca~se condensation w i l l  
occur only  a t  the exhaust products e x i t  face, and any water w i l l  be car r ied  
out o f  the u n i t .  i n  addi t ion,  i f  a sudden shutdown were t o  occur, there would 
be no f reezing because the remai ning water i s  exposed t o  14.7 ps ia .  
A worst-case s t a r t  trans ient was a1 so invest igated . The trans ien t  con- 
d i t ~ o n s  and metal temperatures are presented i n  t ab le  7-12. The t rans ien t  
condit ions assumed const i tu te  the most severe envi ronment i n  tha t  i nstantaneous 
attainment o f  f low and temperature are  assumed a t  zero t !me. The gas o u t l e t  
temperatures durincj the t rans ien t  are p lo t ted  i n  f i g .  7-15. The sudden temper- 
ature change a t  0.8 sec i s  caused by the  exhaust products f low ra te  change. 
This cha rac te r i s t i c  has been essen t i a l l y  dupl icated by the APU system 
computer program. 
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Notes : A1 1 temperatures are 
metal temperatures i n  OR. 
e Temperatures f o r  sect i ons 
are average values. 
0 Temperatures f o r  nodes 
pe r ta in  t o  the node po in t  
a Condition 14: 
Maxi mum power 
Sea level 
5 5 0 ~ R h y d r a u l i c f l u i d  
e Condition 150 
I d l e  power 
TABLE 7-12 
METAL TEMPERATURES FOR RECUPERATOR START TRANSIENT 
Co~idit ions o f  s ta r t  t ransient-uni t  soaked a t  5 5 0 ' ~  
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919 1 928 
732 1737 
992 1 lo00 1008 


























































815 822 763 1 770
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1 The recuperator was analyzed f o r  loads imposed by temperature, pressure, 
I and acoust ic  v i b r a t i o n  o f  the  tubes. Pre l  iminary designs and subsequent ana lys is  l e d  t o  t he  s t r u c t u r a l  con f i gu ra t i on  o f  dwg. 159560, which meets t he  spec i f i ed  cpera t iona l  and t e s t  requirements. Each o f  t he  heat exchanger f l ow c i r c u i t s  was analyzed f o r  t he  proof  pressure a t  the maximum temperature con- 
r i t  d i t i u n .  Calcu la ted s t resses and margins o f  sa fe t y  a re  summarized I n  t a b l e  7-13. 
A minimum U-tube bend rad ius o f  1.50 i n .  was estab l ished t o  achieve a 
thermal s t r ess  l e v e l  o f  17.0 k s i  a t  t he  f ; r s t  dimple, which i s  0.75 i n .  away 
from t h e  suppor t ing p l a t e  ad jacent  t o  t he  bend. The dna lys is  i nd i ca tes  t h a t  
4 t he   antil levered U-bend por t ions  o f  t he  tubes may r e q u i r e  l a t e r a l  supFcrt f o r  
f l i g h t  use t o  reduce v i b r a t i o n  response. 
S t r u c t u r a l  des ign o f  t h e  hydrogen man i fo ld  reg ion  o f  t he  t:e.;t exchanger 
was d i c t a t e d  by pressure containment and thermal deformat ion.  The cy 1 ind r i c a l  
i n l e t  and o u t l e t  manifolds a re  used t o  o b t a i n  acceptable pressure and thermal 
s t resses.  D i r ec t  attachment between mani fo lds was avoided, and attachment o f  
t he  mani fo lds t o  t he  s h e l l  i s  by c e n t r a l l y  located welds t h a t  a l l a t  f o r  
l ong i t ud i na l  thermal expansion. The s h e l l  s t r u c t u r e  surrounding t he  ~ ~ a n i f o l d s  
has t h e  f l e x i  b i  1 i t y  liecessary t o  a c c o m d a t e  t h e  requ i red  thermal deformat icn.  
Reduced s t resses around the  hydrogen i n l e t  and o u t l e t  duct  pene t ra t ions  o f  t h e  
s h e l l  a re  obtained by ?he use o f  doublers.  
Four beads on the s ide  p l a tes  i n t h e  d i r e c t  i on  o f  t h e  tubes a r e  necessary. 
These beads a re  t i e d  i n t o  t h e  tube support p!ates t o  p rov ide  a s t r u c t u r e  t h a t  
w i l l  w i ths tand  externa l  co l l aps i ng  przssure loads. The s i d e  p l a t e s  f i t  c l o s e l y  
t o  hydrogen manifolds,  bu t  are no t  a t tached t o  avo id  thermal loads. 
B i d i r e c t i o n a l  reinforcement o f  t he  combustion product ducts a l s o  was 
requi red t o  r e s i s t  extepnal  pressure and buck l ing .  
The en te r i ng  combustion proddcts a r e  near sonic d e l o c i t y  and cause no ise 
and v i b r a t i o n  e x c i t a t i o n  o f  t he  tubes. Vortex shedding frequency i s  est imated 
as h i gh  as 67,000 Hz.  This exc i t es  t ransverse v i b r a t i o n  o f  t h e  gas column and 
presents an acoust ic  no ise  problem. To e l  iminate i t  completely,  16 b a f f l e s  
(almost one per tube row) would be requi red.  F ive  b a f f l e s  a re  i n s t a l l e d  i n  
the present design t o  suppress t he  aud ib l e  noise. A t  l e a s t  t h r e e  t imes as 
many suppor t ing p l a tes  a re  n c 4 e d  t o  e l im ina te  tube v i b r a t i o n .  With f i v e  
suppor t ing p la tes ,  the  tubes v i b r a t e  i n  t he  fundamental mode under ope ra t i ns  
cond i t i ons  w i t h  a 1.0 k s i  bending s t ress  a t  210 9 ' s .  Th is  corresponds t o  a 
small , acceptable displacement. 
Preheater/Regenerator. --The preheater/regenerator,  as shown I n  dwg. 159570, 
• i s  of tube-and-she1 1 ,  a l l - s t a i n l e s s - s t e e l  , brazed-and-welded cons t ruc t ion .  The 
1 7rge temperature d i  f ferences be tween the  tube and she1 1 sides nacassl t a t e d  
spec ia l  p rov i s i ons  f o r  thermal growth. Therefore, a be i lows assembly has been 
incorporated i n  the u n i t .  The co lder  hydrogen flows i n s i d e  o f  the  tube i n  bo th  
app l i ca t ions .  The warmer hydrogen makes s i x  passes across the  tube bundle. 
The overal  1 f low J i  r e c t i o n  i s  cross-counterf low f o r  the  preheater  and cross- 
para1 l e l  f o r  the regenerator.  
TABLE 7-13 
SUMMARY OF STRESSES 
::From the Modif ied Goodman diagram 
h::N = Allowable number o f  cycles a t  the  g iven cond i t ion  
C 1 
Part names and numbers 
U- tubes 
A1 lowable 0, 
or  l i f e  N 
20 .00 (1100~~)  
2 1 . 5 0 ( 8 0 0 ~ ~ )  
N high** 
20 .0 (1100~~)  
N high*" 
21 .5(800°~) 
20 .0 (1100~~)  






















1 900 psig 
Head pan assembly 
Side p l a t e  assembly 
Return cap 
Combustion product ducts 
Thermal s t ress 
Vibratory s t ress 
Proof pressure, 
900 ps i g 
Thermal stress 
Proof, 14.7 asi  
external 
Thermal stress 
Proof, 14.7 p s i  
external 




The heat t r ans fe r  design p o i n t  occurs a t  a regeneratar ope ra t i ng  condi t i o n ,  
whereas the most severe thermal envi ronments e x i s t  when the hea t  exchanger i s  
ope ra ted as the preheate r. 
This u n i t  a l s o  waq inves t iga ted  i n  d e t a i l  by use o f  t h e  thermal analyzer 
corrputer program. Since t h e  s t a r t  and power change t r ans ien t s  a r e  expected 
t o  be much slower than t h e  recuperator,  o n l y  s teady-s ta te  ope ra t i ng  cond7 t ions  
were invest igated.  The nodal models ut i l l ; :ed a re  depic ted i n  f i g s .  7-16 and 
7-17. The two models a re  e s s a n t i a l l y  the same, except f o r  t he  d i r e c t i o n  o f  
she l l - s i de  f l u i d  f low w i t h  respect t o  t he  f l ow i ns i de  o f  the  tubes. 
& 
The s teady-s ta te  r e s u l t s  a t  both maximum power and i d l e  when t h e  u n i t  i s  
operated as t he  recuperator  a re  presented i n  t a b l e  7-14. The temperature 
d i f f e rence  between var ious por t ions  o f  t he  core a re  no t  ext.ernely la rge .  
The corrzspondinq so lu t i ons  when the u n i t  i s  operated as t h e  preheater 
a re  g iven i n  t a b l e  7-15. The temperature grad ients  a re  much g rea te r  f o r  t h i s  
mode o f  operat ion. These grad ients  recess i ta ted  t be  ~yse o f  a be1 lows t o  com- 
pensate f o r  t he  d i f f e r e n t i a l  thermal expansion between t h e  tube bundle and 
the  s h e l l ,  which onerates a t  e s s e n t i a l l y  ho t  f l u i d  temperature. 
The more severe pressure and temperature requirements o f  the preheater 
were used i n  the s t ress  analys i s .  The ana lys is  considered the p roo f  and 
burs t  pressure c o ~ d i  t ons  a t  temperature as we1 1 as the 1000 s t a r t - s t o p  1 i f e  
cyc l e  requirement. The ana lys is  ind ica tes  t h a t  the design shovrn i n  dwg. 159570 
wi I l meet the s p e c i f i e d  s t r u c t u r a l  requirements. 
The tubu la r  heat exchanger w i t h  a c y l i n d r i c a l  s h e l l  and hemispher ical  caps 
i s  a con f i gu ra t i on  we l l  s u i t e d  f o r  pressure containment. The design pressures 
and a l lowable s t resses a t  temperature a re  shown i n  t a b l e  7-16. The a l l owab le  
stresses a re  AiResearch-establ ished minimums f o r  type-347 s t a i n l e s s  s t e e l .  
Calculated s t r ess  cond i t i ons  a re  shown i n  t a b l e  7-17, f o r  proof and b u r s t  
pressures. 
The large temperzture d i f f e rence  between t h e  tube bundle and t h e  s h e l l  
a i c t a ted  t he  s t r u c t u r a l  design w i t h  a f l o a t i n g  header and a be l lows sea l .  The 
normal opera t ing  stresses i n  t h e  tube bundle a re  low, and t he  she1 1 i s  t h e  
pr imary s t r u c t u r a l  co rs idera t  ion.  The heat exchanger was analyzed f o r  t h e  
spec i f i ed  opera t ing  cond i t i ons  1 4  and 158, as shown i n  t ab l e  7-18. 
A computer program f o r  s t a t i c  ana lys is  o f  t h i n  e l a s t i c  s h e l l s  o f  r e v o l u t i o n  
was used t o  c a l c u l a t e  the thermal s t resses i n  t h e  shel l and t h e  cap. Only one- 
h a l f  o f  the shel 1 and one cap were analyzed, because t h e  she1 l i s  considered 
f r e e  t o  grow r a d i a l l y  a t  i t s  center1 ine, and the s lope i s  considered as f i x e d  
+ 
Cold i n  
Cold out 
- 
1 .  
Figure 7-16.  --Regenerator Nodal Model - S ix-Pass, Cross-Para1 l e l  Flow. 
! !q 
1 2  
, i g  
. I  
? 7 
Notes: 1. Node numbers re fe r  t o  metal ma t r i x  
2. Each hydrogen f l u i d  stream has a 
correspondins number o f  nodes 
3. Shel l  f l u i d  i s  mixed between each pass 




5 5 '  
- 
Cold out  
/7 i e ,  
-7 B a f f l e t 
t B a f f l e  
Hot i n  1 Hot out  
. L Y  
. . 
Hot out Hot i n  
5-81363 
7-17.  --Pre'reater Nodal Model, S ix-Pass, Cross-Counterflow. 
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"Proof pressure rev ised  t o  900 p s i g  a f t e r  complet ion o f  analys is .  
Cold cap and tube pressure, p s i g  
Hot s h e l l  pressure, p s i g  
Ap across passes, ps i g  
Type 347 s ta i n l ess  s t e e l  a t  630°~,  
Fty k s i  
Type 347 s ta i n l ess  s tee l  a t  630°~, 
Ftu ks i 
TABLE 7-1 7 
CALCULATED STRESS CONDITIONS 
f 
Load cond i t ions 
I-I Tubes Cyl i n d r i c a l  she1 1 Spherical  caps 
Operat i ng 
700 
600 t o  700 
100 
Test ing cond i t i on  I Proof 1 Burs t  I Proof I Burst  
Pressure, ps i  g 
0 Temoerature, F 
Al lowable s t ress ,  k s i  
Tanqent ial  s t ress ,  ks i  
Meridianal  s t ress,  k s i  
Ax ia l  load, lb / tube 
C r i t i c a l  buck1 ing, 
1 1 b/t~!be 
Proof 
1050:': 
900 t o  1050 
150 
21.5 
"Proof pressure rev ised t o  900 ps ig  a f t e r  complet ion o f  ana lys is .  
Bcrs t 
1750 
1500 t o  1750 





a t  the longi tudinal  midpoint ( the  she l l  i s  symmetric). The dimensions and 
temperature p r o f i l e  o f  t h i s  shel l -cap s t ruc tu re  are shown i n  f i g .  7-18. The 
stresses f o r  the she1 l and cap are p lo t ted  i n  f i gs .  7-19 and 7-20. The st ress 
o f  42.2 k s i  a t  the j o i n t  o f  the branch duct and the  she l l  i s  a theore t ica l  
value. This theoret ica l  s t ress i s  very loca l  ized and may be regarded as a 
"singular point" o f  the computer model tha t  w i  11  have a 14.2-ksi s t ress i n  
the fabr icated pa r t .  The j o i n t  a t  the branch duct, duct, and sphere w i l l  have 
an equivalent thickness o f  3 times the 0.08 in. and a st ress concentrat ion 
fac tor  K1. = 3. Therefore, the st ress a t  t h i s  po in t  w i l l  be 14.2 k s i  instead 
Hot Flow, Ib/min 
0 
T i n *  R 
Tout* OR 
Pressure, ps i g 
Cold Flaw, lb/min 
Tin, OR 
Tout* OR 
Pressure, ps i g  
o f  42.5 ks i .  Also, a t  one-half the she l l  thickness ( X  = 0.062 in.) from the 
j o i n t ,  the meridianal s t ress i n  the branch duct has been reduced t o  21 k s i .  
The maximum stress i n  t h i s  she l l  cap s t ruc tu re  i s  the meridianal s t ress i n  the 
spherical  she l l  a t  i t s  j o i n t  t o  the duct, where the stress i s  26.0 k s i .  Tbe 
I 
number o f  cycles tha t  type 347 s ta in less  s tee l  can take a t  26.0 k s i  a t  630 F 
. 
6 
operat ing temperature should be more than 10 cycles; t h i s  provides a good 1 
Cond i t ion 
3 










Temperature equal izer.--The temperature equal i zer shown I n  dwg. 159580 i s  
o f  a special ized type o f  p l a t e - f i n  construct ion, w i t h  annular passages. A 
vented b u f f e r  zone i s  included between the oxygen and hydrogen pa; -:ages t o  
prevent mixing o f  the f l u i d s  i n  the event o f  a leak. The heat exc'anger i s  o f  
a l l  -s ta in  l ess-steel , brazed-and-we1 ded construct ion. The a1 ternate tubes and 9 
f i n  layers are assembled and then brazed t o  form a s ing le  un1 t, which I s  then 
pressure tested. Upon completion o f  leak checks, the manifolds are welded on, 













The pure p a r a l l e l  conf igurat ion o f  the temperature e q ~ a l i z e r  g rea t l y  
simp1 i f i e s  the thermal analysis.  A1 1 temperature gradients are I inear and are 
estimated based on the r e l a t i v e  magnitude o f  the heat t rans fer  coe f t i c i en ts  
and the conduction resistances o f  the wa l ls  and b u f f e r  zone. Since no c i  r c m -  
fe ren t i a l  temperature gradlents e x i s t ,  the c a l c u l a t i w  o f  tevperature d i c t r i -  
but ion w i th in  the equal izer i s  r e l a t i v e l y  s t ra ight forwsrd,  and the use o f  the 
I thermal analyzer computer program i s no t  requi red. 
The st ress analysis o f  the temperature equal i zer consl dered the loads s 3 imposed by pressure, temperature, and duct in te r face  connect ions. The con- i 
. t f i gu ra t i on  and construct ion shown i n  dwg. 159580 were determined sa t i s fac to ry  
f o r  the spec i f ied  loading condit ions. Thermal stresses are summarized i n  \ 
tables 7-19 and 7-20, and pressure stresses are summarized i n  tab le  7-21. i 
The uni t was analyzed f o r  a proof  pressure o f  1050 ps i  a t  250°F on the 
hydrogen s ide and 1350 ps i  on the oxygen side. The design was based on proof 
pressure rather  than burst  because the r a t i o  o f  u l  t i  mate-to-yiel d s tres5e.s 
f o r  type-347 s ta in less  steel  i s  la rger  than the r a t i o  o f  u l  t i rnate- to-y ic ld 
stresses for type-347 s ta in less  s tee l  i s  larger than the r a t i o  o f  burst - to-  
proof pressure factors.  Each s ide i s  cons idered pressurized whi l e  ths other 
i s  a t  atmospheric pressure. Calculated stresses not exceeding 80 percent o f  
the mater ia l  y i e l d  stress were used as design c r i t e r i a .  
The 0.040-in.- thick inner she l l  i s  no t  loaded by pressure b t ~ a u s e  the 
centra l  cav i t y  i s  vented to  the oxygen f low passage. The 0.062-in.-thick 
outer she1 l i s  loaded by i n te rna l  pressure only.  
The b u f f e r  passage tube comprises two concentr ic cy l  i r ~ d r i c a l  she l l s  sep- 
arated by f i n s  and r ings,  and can be considered as a s t r i l c tu re  tha t  can be 
under e i  ther  external o r  i n te rna l  pressure. C r i  t i c a l  (tuck1 ing) pressure f o r  
the en ti re tube i s  i n  excess o f  the proof pressure. Tt,e actual hoop st ress 




MAX l MUM PROOF PRESSURE STRESSES AND MARGl N OF SAFETY 
-- 
: :Cr i t ical  (buck l ing)  pressure of the tube: 5000 ps i  
Margin o f  
sa fe ty ,  1 
M . S .  = 'a1 I 
o 
0 . 0 ~ 1 5  
0.74 




l nner s h e l l  
0.08 
0.10 
f lange  
Wal l 
th ickness 
t ( in . )  
0.062 
0.045 








s t ress ,  








s t ress ,  









SHELL MAXIMUM THERMAL STRESSES AND L l  FE 
- I Mer idonal I Hoop I 
st ress,  s t ress  
1 
Inner s h e l l  Approximately 
600,000 cyc l  es 
l n f i n i t e  Oxygen 
s ide 
Hydrogen 
s ide  
Outer she! 1 
l n f i n i t e  
+33,000 




*Based on e l a s t i c - p l a s t i c  analys is ,  usi:.: Wet:,:l-Morrow method ( ~ i R e s e a r c h  







FIN MAXIMUM STRESSES AND L l F t  
Hydrogen f i n ,  1 21,400 1 14,300 I 32,800 
Oxygen f i n ,  
S7053 
Bu f f e r  f i n ,  
S 7052 
- - 
l n f i n i t e  I 
l n f i n i t e  
Approximately 





**Based on f a t i g u e  data f o r  OFHC copper (R  = - I ) ,  from Cryogenic Mat ls .  Data 




Thermal analvs i s. --The thermal s t ress analys i s  i s  based on the temperature 
d i s t r i b u t i o n  shown i n  f i g .  7-21. To s imp l i fy  the calculat ions,  average s h e l l  
metal tenperatures were used. The analysis was concentrated around the oxygen 
and hydrogen i n l e t  end o f  the eqbal izer because the t e q e r a t u r e  di f ferences 
are the largest  i n  t h i s  area. A rad ia l  and a long i tud ina l  analysis were per- 
formed; the resu l ts are combined and shown i n  tables 7-20 and 7-21. A model 
f o r  the rad ia l  analysis was constructed as shown below: 
Hodel f o r  rad ia l  analysis 
S-8If52 
Where K, , K2, K and K4 represent the rad ia l  spr ing  rates of  the shel  l s  s t a r t i n g  3 
from the ins ide she l l ,  and Ki2,  K2 3 and K34 represent the sp r ing  rates of  oxygen, 7 
bufFer, and hydrogen f i ns ,  respect ively.  A t  operat ing temperature, each o f  
these seven component springs w i  l l undergo some thermai expansion and an eqd;- 
l i b r i um w i l l  be reached. The d i f ference between unres t r i c ted  length and length 
a t  equi l i b r i u n  i s  necessary to  calculate, hoop stresses, and u l t ima te l y  the 
cycl  i c  l i fe. 
I n  a i m i  l a r  manner, the long i tud ina l  analysis was performed. The model 
f o r  the ana ys i s  i s  shown belaw: 
b d e l  f o r  long i tud ina l  analyc i s  s-or353 
Where KIL, KZL, K and KbL represent the longi tudinal  spr ing  rates of  the 3L ' 
inner, tube (oxygen side, hydrogen side) , and outer  she1 I, respect ively . 
As shown i n  table 7-21 ,, the hydrogen f i n  i s  the wedkest component. This 
determines the l i f e  o f  the un i t ,  which i s  predic ted t o  be approximately 10,000 
cycles from room temperature, to the operat ing temperatures shown i n  f ig.  7-31. 
Hydrogen 
o u t l e t  
muff 
Figure 7-21.--Temperature D i s t r i b u t i o n  Used i n  the Stress Analysis 
o f  tbe Hydrogen/Oxygen Temperature Eqw 1 i zer (NASA APU, 
Space Shuttle), 
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RESULTS AND CONCLUS I ONS 
Ea r l y  s tud ies  o f  the  NASA i n i t i a l  re ference system ( w i t h  j e t  pump) showed 
t ha t ,  a l though the  system was s e n s i t i v e  t o  component design and j e t  pump pre- 
d i c t ed  performance, a system could be designed t o  meet program ob jec t i ves .  The 
NASA-directed f e a s i b i l i t y  ana lys is  o f  an a l t e r n a t e  APU systern (w i thou t  j e t  pump) 
showed, based p r i n c i p a l l y  upon s teady-s ta te  corn; , t e r  model ing,  t h a t  such a 
sys tern a l s o  could meet the  prograa o b j e c t i v e s  w i thou t  t he  u , -cer ta in t  ies 
4 
associated w i t h  t he  p r e d i c t i o n  o f  j e t  pump performance. Furt i :er dynamic modeling 
and computer ana lys is  resu l ted  i n  minor system design changes and demonstrated 
a n a l y t i c a l l y  t he  f e a s i b i l i t y  o f  c o n t r o l l i n g  the a l t e r n a t e  w i t h i n  the des i red 
l i m i t s .  A mathematical model o f  the  requ i red  con t ro l s  was prepared and converted 
i n t o  a breadboard design f o r  t e s t  and development o f  t he  t e s t  system. 
The APU tu rb i ne  design i n i t i a l l y  was envis ioned t o  be e s s e n t i a i l y  
f l  i gh t - t ype  hardware. A l  l an t i c i pa ted  design problems were solved. A major 
design e f f o r t  was requi red f o r  r e s o l u t i o n  o f  heat soakback and thermal t r an -  
s i en t s .  The r e s u l t i n g  design was evaluated i n  regard t o  the  t e s t  requirements 
o f  t h i s  technology program. Th is  eva lua t ion  r esu l t ed  i n  t he  dec is ion  by NASA 
'o s i m p l i f y  the  t u r b i n e  design by dev ia t i ng  from some f l i g h t  requirements t o  
o b t a i n  a s impler  and less  c o s t l y  development program. To t h i s  end, design 
changes were made & i  thout compromis i ng  t h e  program t e s t  o b j e c t  ives.  The 
r e s u l t i n g  design has a speed o f  63,000 rpm a t  a T I T  o f  196g0~,  bu t  can be 
r e t r o f i t t e d  w i t h  h igher  performance t u r b i n e  wheels a t  2060 R and 70,000 rpm. 
The t e s t  gearbox design i s  a workhorse u n i t  and i s  o f  secondary i n t e r e s t .  
I n  the design o f  the heat exchangers I t  was found t h a t  the  same mechanical 
des ign coul d be used f o r  the  hydrogen preheater and hydrogen regenerator,  
a l though t h e  preheator i s  a counter f low i n s t a l l a t i o n  and t he  regenerator a 
p a r a l l e l  f l ow  i n s t a l l a t i o n .  The same mechanical design a l s o  was used f o r  the  
hyd rau l i c  and lube o i l  coo lers .  Due t o  h i gh  an t i c i pa ted  thermal s t resses,  
the  recuperator design uses a U-tube approach. Manuiactur ing drawings were 
completed f o r  the  t e s t  system components, and no u i i q u e  o r  unusual designs were 
requi red t o  achieve design goals.  
Ea r l y  t e s t i n g  o f  the  combustor showed i t s  p 'ntmance t o  be h i gh  and i t s  
opera t iona l  c h a r a c t e r i s t i c s  very s a t i s f a c t o r y .  
